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f
ABSTRACT

IL

This program_CombustionPerformanceand Heat TransferCharacterizationof
LOX/Hydrocarbon Type Propellants, Contract NAS9-15958, was undertaken to
evaluate ltqutd oxygen and various hydrocarbon fuels as low cost alternative
propellantssuitablefor future space transportatlo,isystemappllcations.The)

emphasis of the program ts directed toward low earth orbit maneuvering engine
and reaction control engt..ne.._ystems,

The feasibility of regenerattvely cooling an orbit maneuvering thruster was
analytically determined over a range of operating conditions from 100 to LO00
psta chamber pressure a_d 1000 to ZO,O00-1bF thrust, and spectftc design

i pointS.were analyzed in detat_ for propane, methane, RP-1, ammonia, and '
ethanol; similar dest.gn point studies were performed for a ftlmcooled reac-
tion controlthruster.

t '1

Heat transfer characteristics of propane were experimentally evaluated in
i heated tube tests. Forced convection heat transfer coefficients were deter-

i mined over the range of fluid conditions encompassedby 450 to 1800 psta,
-250 to +250=F, and 50 to 150 ft/sec,2wtth wall temperatures from ambient toii 1200°F, and heat fluxes to 10 Btu/tn. sec. Nucleate boiling and coktng
were also evaluated.

Seventy-seven hot firing tests were conducted wtth LOX/propane and LOX/
,_ ethanol, for a total duration of nearly 1400 seconds, using both heat sink

and water-cooled calorimetric chambers. Combustion performance and stability
and gas-stde heat transfer characteristics were evaluated, Four injectors
were tested: two with conventional like-on-like doublet and OFOtriplet
elements, and two wtth unconventional platelet elements. Film cooling was
also assessed. The combustion chamber was sized for a nomtnal thrust of
lO00-1bF at 300 psta chamber pressure, and testing spanned a significant
range of chamber pressure and propellant mixture ratio conditions.
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! I, [I_TItOOUCT[ON

A. PRJ_RAHOB_CTXVES
The objectives of thts pPogramw_re to evaluate and characterize candidate
1-tqutdoxygen/hydrocarbonfuel combinations, and to establish a t_chnology

• ( base for these propellants that would guide the selection of hydrocarbon
] fuels tn future space transportation systemapplications.

Whtle the programresults are pertinent to any stze liquid rocket engine, the* progPamwas directed toward that thrust range representative of the current
;;. Reaction Control System (RCS)andOrbit HaneuvertngSystem(OHS)engineson

the SpaceShuttle.

The current RCSandone pl'opellants -- nttrogen tetroxtde and monomethyl
I!ydraztne -- have several drawbacks:htgh cost, potential unavatlabtltty due

j; I to ltmtted manufacture, formation of car.ctnogentcIntermediates durtng manu-facture, toxicity, handling difficulties, and assoct_ted-llanditng require-

The current storable propellant combinationwas selected over liquid
: !: oxygen/liquid _drogen, whtch,offered muchhigher performancebut wascon-

;-;; t strained by 1:hevotumerequirementsof the fuel, as well. as over liquid
_' t oxygen/_dl'ocarbotl fuel atternattves, for whtuh the technology basewas ger-
m; erally lacking. The storable propellants had a large technology base, and
_'} the simple pressure-fed engine systemspromisedhtgh reliability andmtntmal

_ ) developmerltcost.
m,' Engine developmentcost and recurring operational costs are key factors In" the overall cost of a space transportation system. Lowcost easily handled(-_: propellants, typtfted by oxygen/hydrocarbons,and reusable engine systems*" combineto minimize operational costs. Developmentcosts can, tn part, be
_'" mlnlmlzed by the Judicious selection of the propellants; that selection pre-
_!:. _ supposesa substantial technology base. The Intent of this pr.ooramts to
_ contribute to sucha base.

L:-: The programwas conductedover a forty monthperiod, beginning tn October

_'_ Ii 1979. It consisted of three maJoPtask areaS, aS described below. These task._:: areas are documentedtn three comprehensivedata dumps,References (1), (2),
_,., and (3), ThtS final report ts tn two volumes. VolumeI presents Tasks I and
i_': IZI; VolumeII presents Tasks II and IV. i

!:_ , TASKI - REGENERATIVECOOLINGCHARACTERIZATION

bqtltng heat transfer d_a and correlations available tn the literature for i'
i_ ,J,

,

',L

1 _

- ?,
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. _ I, A, Program_.ObJecttvefl(¢ont,)were
] candtdate hydrocarbon fuels reviewed, Thosecandidates tncludad pro-

pane, _tll_ne, RP I, and =nmonta, Regenerative cha_er cooltng analy,qo,q
were then conductedto comparethe cooltng cap_btlltles of each fuel and

. determine the opergttn9 potnt (thrust and chamberpressure) ltmtts tmposed
thereby, Second, heated tube tests were performedto deterndne the heat
transfer characteristics and the coktng behavtor of propane, both com-
mercial grade and Instrument. grade, "

TASKSII ANDIV - SUBSCALEiN_IECTORCHARACTERIZATION
_mQ_

,_ Tasks II. and IV involved, the dest,gn, fabr.tcatton, testing and data analysts
; of subscalehardware, t.e., nomtnal thrust of tO00-1bF, to evaluate the com-

bustion performance, stability, and gas-stde heat transfer characteristics of

: ltqutd owgen/hydrocarbon propellants. Four tnjector patterns were tested,Including conventional OF-Otrtplets and like-on-like doublets, and unconven- ,
ttenal platelet patterns tn which fuel swtrler elements were located within

]_ pairs of dr'!lled ortftce off splashplate oxtdtzer elements. Heat stnk andwater-cooled calortzneter chamberswere utilized, anda removablechambersec-
;:: tton was usedwith the former to allow evaluation of chamberlength effects.

-- A fuel ftlln coolant rtng was used tn conjunction wtth the trtplet and plate-
I let InJectors. An adjustable accousttc sectioncavtty provided combustion

stability.

t: Seventy-sevetttests were conducted,wtth a total duration of approximately1370 seconds. Both propaneand ethanol were tested, the latter With. gaseous
as well as 11qutdoxygen. Chamberpressure and mixture ratio were varied

: wtdely to assess operating point effects.
TASKIII- PRELIMINARYENGINESYSTEMCHARACTERIZATION ,,

jt_ numerousengine operating points were analyzed to determine
In Task II!
engtne performanceand wetght ftgures for orb'It maneuveringand reaction con-
trol systemthrusters. 1Jlework butlt uponthe regenerative coollng studies

of Task I, updated for the propaneheat transfer correlation dertved empiric-ally tn that task, andextended to tnclude turbomachtnew for pump-fedsys-
tems, alterrlattve chambermaterials for the orbtt maneuvering thruster, and
ftlm cooltng for the reactton control thrusters. Thruster envelopeswere

li deftned by the curt.ant engtnes on the SpaceShuttle.

C. PROGRAHCONTRIBUTIONSTO NASAOBJECTIVES

Thts programsignificantly enlarges the technology base for LOX/Hydrocarbon ',,.
propellants and ts an important step towards a LOX/Hydrocarbonaxutltaw !

propulsion system. A numberof additional steps ts obviously necessary for ;:that systemto becomea reallty,
t
,t

° ;

P _, i,3
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I d

i ii I, C, ProgramC_ntr4butlo_to NASAObjoctlv_ (cont.)

i]' Spoctftc results and conclusions developedtn the programare summarizedbelow, Theextenetve oxpertQncogained 1, th_ do_tgn, analyet_, and te,_ttog
of hardwarefop these propellants 01oo contrtbute_ to the technology ha_o hut

';'_ cannotbe roadtly quantified.

:. Hot ftro testtng went smoothl.yandwas quite successful, Htgh combustion
, performancewas aohtevedwtth conventional as well a_ unconventionalInJector

i element_ and stable combustion obtatned w4th acousttc cav4tles.
was readlly

HoWever,chamberg6s-slde heat fluxes were conslderbly higher than values

basedon standardized predictive mthods. Apart from thts, there were no btg
surprises, and the design of htgh performance,stable, regenerattvely cooledthrust chan_ersdoes not._ppear to present any unusualor Insurmountable --_
difficulties, "

:,: Perhapsthe blggest dtsapppolntmnt -- In terns of using LOXlhydrocarbonpro-
pe|lants for the APSwas the low wali temperature threshold determined for
coktng of propane.This, combinedwith propane's Incompatibility with copper,

! _ the matertal of chotce for htgh p_essure regenerattve|y cooled chambers
becauseof tts ht_ therml conductivity, mayeliminate propaneas a candi-
date propellant. Thts would be unfortunate, becausepropaneotherwise offers

a desirable-combination of hlgh combustionperformanceand high massdens_ty.

_: Onthe analytical side, the engine potnt destgns generated tn thts program,
t tn con,luncttonwith the systempoint destgn studteS conductedIn Reference

(4) -- to which the Task I][I results were input -- strongly support any
_. future selection of propellant, operating point, engtne cycle, and degree of
_ systemIntegration. The approachhere wasto first consider the flow and

_ _ pressure drop requtremnts of the thrust chanber and injector and then work :upstream to the turbopumprequirements and/or tank conditions, overall engine
:':_" performanceandweight,and finallyin theReference(4)program,to system

_ optimization.

?.

(,!

r ,; II

i"

i 3
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A, TASK! - REGENERATIVECOOLINGCHARACTERIZATION ,,

i.
_ho Tho parametric rogenorattvo cooltng analysts sl_owadthe followlno fopfour candidate ¢uol._

4 k

(a) Meth_me!otther v_por phaseor suporcr_ttcal pr_sfiuro flutd ts _n
acceptable coolant at htghee thrust levels over the entire range of chamber

i_ pressure Wtthout the need for additional film-cooling. $uhcrtttcal pressuresare unacceptablebecau_of thQ limited subcooltng.

(b) Propane¢ etther vapor phaseor supercrTttcal pressure fluld ts accept-

I" able at htghePthrust levels _tthout add+ttonal f'tlm cooltng. Subcrtttcalpressures ape unacceptable because-of low burnout heat flux.

J+ (C) RP-I: becauseo4 low coktng temperature, RP-1 ts not a satisfactory
coo:ant.

(d) A_,monta:either ltqutd (nu;leate botltng) oe vapor phase ts accept-
' i' able.

2. Sufficient heat can be picked up tn the nozzle to vaporize the fuel --

' tn the ;aSe of methaneand p_opaneonly -- to allow vapor-phasecooling ofthe combustionchamber.
..... !i
"_ ]: 3. Heated-tube testing of propaneresulted tn a forced convection corre-

_ latton that grouped95%of the data wtthtn +24_. Limited ftlm andnucleate ,t
boiling data were obtained; burnout heat fl_x was found to be considerably :

i, _, higher than an extrapolation of ava41able low flux data wouldpredict,
]

4. Caking tn the heated tube tests occurred at wall temperatures less
:_ than 500°F; coktng Pate was comparableto published data for RP-Z. Propane
_ii I" purity affected the rate but not the threshold temperature of caking,

:: Be TASKS1I ANDIV - SUBSCALEINOECTORCHARACTERIZATION

_: I. The like-on-like injector pattern wasfired with LOX/propanein a k_

B F

heat-sink chamberand found to be low-performing, as a result of both poopatomization aAd poopmtxtng. The combustionwas bombstable, "
:i

2. The OFOtrtplet injector was.fired with both LOX/propaneandLOX/: ethanol tn both heat stnk andwater cooled calorimeter chambers. In the :.
calorimeter chambertt wastested wtth andwithout fuel ftlm-_ooltng. Per- '

_, formancewas very high wtth LOX/propane,for whtch the untt was designed, and ,
slightly lower With LOX/ethanol due to non optimumpropellant momentummatch, !i

• _, Combustionwas stable wtth both propellant combinations, ::
_)

"" ] 1_

: 4
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t I

,1 II, B, Ta_k II and IV - Sub, tale InJoctoe Chara_teelzatton (cont.) ,_

3. Oneplatolet injector was designed for liquid-phase !njoct4on of LOXtethanol; the tnJoctoe pattern conQtsted of a swtrlor tuot olen_nt wtthin two
splashplate oxtd|zoe elements: Although thts untt achtovodhigh porfoPmnCo,

propellan.t blowaPaetapparentty occuered,.caustng the outer periphery to be_ oxtdtzer rtch, The addttlon of fuel ftlm coolant Increased the gas stde heat
flux as well as t_toctor performance.

J 4, The other pl_telet injector, was designed for gaseousoxygen(GOX)/
ethanol Injection. Me pattern consisted of a fuel swtrler elementwtthtn :

• _ two drttled oxtdtzer orifices, Thts injector achteved htgh performancewlth ,
'i" ambient temperature prol_Lla_t .and sltghtly reducedperformanceat "c-'
_, (,-1300F) ten_erature, i_

; ;_ 5. Throat heat fluxes experiencedwtth ethanol were considerably htg_,' I
: 1 than would be predicted w|th the standardized pipe-flow correle*e in. : ,T: i

i ] inferred correlating coefficient (Cg) was approxtmtelv 7q* _ . 't' tha_ _ould

• be expected for storable propellants. The correlat4,:_ , ,err for
ethanol WaSfound to be extremely sensitive to rntxt, ',, ,atto.

• 6. Carbondeposition tn the acoustic cavities wtth LOX/propanewasexten-
_51 i," stve to the point that acoustic dampingcapabilities could be lost. Ftlm-

, _ coolant injection from the forward end of the cavities reducedthe amountofcarbon deposition within the cavities.

_i 7. Carbondeposition on the chamberwall occurred only wtth LOX/propaneandWaslargely lost during the start and/or shutdowntransients. Engine
_: .- re'tart wasmarkedby a return to clean-wall heat flux conditions, followed
: 1 by a progressive decay as the deposition layer increased. As a result, the
_/ : therml resistance of the deposition layer cannot be assumedfor design
_," purposes to ltmtt gs-stde wall temperatures to less than clean-wall values.

_. _ _ 8. Carbondeposition was negligible with LOXor GOX/ethanol• The exhaust '_
_:; i plum was clear whereaswtth LOXlpropanett was not. i

C• TASKIII - PRELIHINARYEN(ilNESYSTE,CHARACTERIZATION :'=

_! _ 1 Design point analyses for ten different concepts (propellant co,thine- ,ttons and operating points) Involving a pressure-fed regenerattvely-cooled
_ orbit mneuvertng engine showedthe following: ',i

_=" T' (a) .ethane. wtth vapor-phasecoollng, offers the highest specific ,,,,,.:_" _ tmpulse.

5' 1
'_' I t:
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]IX, G, Task-_;-L-=,-Pre'ltmtnar_£I_ngtneSystemCharactertzatt-_ (cont.)

I (b) Propaneperformnca, wtth vapor-phasecooling, Is nearly as high butts severely degradedwtth liquid-phase cool_ngdue to htgh film-cooling
• : Pequlremand, ,.

I (c) Ethyl alcohol requtres no fttm cooltng but the p_form_nce ts lower
thanthatof ltqutd propane.

•' 2. Analyses of twenty-eight concepts involving a pump-fed,
regenerattvely-cooled or-bit mneuvertng engine showedthe following:

- I (a) The highest performance is-agatn obtained for methane.
(b) Performancewtth propanetS slightly lower•

ImJ

#i (c) Performanceof aT1 twelve mthane and propaneconcepts is within a.
range of 10 sec Isp, over a large range of thrust and chamberpressure•

I II (d) Ethyl alcohol performnce ts lowerthan that of methaneor propane,

and the I_rformnce of ammoniats only slightly htgher than that of a
pressure-fed storable propellant engine.

I (e) In light of the propane/coppercompatibility issue, nickel w_.sexam-

: tned as an alternative (to copper) chamberwall mtertal and ts found suit-

_ T able to abOut400 psta chamber'pressure without the use of ftl_-cooltng. ::
• ' * (f) Regenerative cooling with liquid oxygenis feasible at htgh chamber
_ .. pressures, if required becauseof fuel-cooling limitations.

i _i, (g) Subcooltngthe propanecould eliminate the needfor boost pumpst_ 3. Analyses of twelve concepts for the ftlm cooled reaction controlengine and vernier engine showedthe following:

Li. _': (a) Thetrendof per'foP,lancefop the candidatefuelsis slmllarto that
for regenerattvely cooled thr`usters: msthane,propane, ethyl alcohol, and
ammonia. ,"_

]:" (b) Film-coolant requtremnts center around20¢ of the fuel for the reac- t
tton control thruster regardless of fuel or chan/)erpressure. ,:

, t:

t
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I III, RECOI_NDAT_ONS

A, Investigate the causes of prop.arecoktng -- tmpuP_tttes,catalytic

I effects, etc.

B. Developsol,ttons to the Incompatibility of pPGpaneandcopper, such
as coatings, a11oys, fuel additives, etc.I
C. Characterize coktng thresholds and heat transfer of methaneand

i ethane+
D. Developcorrelations fop gas-stde soot formtion of LOX/mthaneand

+ LOX/propane.

I E. Characterize gas-stde heat transfer for these propellants (typically
htghen heat transfer rates are masur'edthan would be predicted wlthstandard

formulations). Also, characterize film-cooling behavior.
F. Addressfuel-rich combustionbehavtor as applicable to gas generator

I" andtur'bopu_+._devlces.
'_+ G. Evaluate the cost aspects and systemstssues (handling, etc.) associ-

ated wtth LOX/hydrocaPbonpropellants, i.i

! +H. Pursuethe explanation for anomalousbehavtonobserveddurtng testtng:
i: (1) the requtremnt for htghen oxidizer-to-fuel momentumrattos to achteve +_'

1_ opttmumperformnce tn hot,ftre tests than would be predicted on the basts of +
cold-flow test results; (2) the exceptionally htgh throat heat fluxes
observedIn the ethanol ftrtngs; (3) the Increased carbondeposition effect

i noted wtth LOX/propaneat htgher massflux (chamberpressure).

00000001-TSB02
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I Iv. T_ECHN!CALDCUSION
A. TASK! - REGENERATIVECOOLINGCHARACTERIZATIOI_........

|' Task I comprisedtwo subtasks, whtch are discussed separately. These sub- ,,
tasks are:

I Task 1.1 Cooltng Correlation andComparison
Task.1.2 -" Experimental Heat T.ransferInvesttgatton _-

" I /

B. TASKI,l - COOLINGCORRELATIONANDCOHPARISON

1. Objectt yes

: _ The objectives of Task 1.1 were to:

(a) Conducta literature revtewof the cooltng characteristics of propane,
]_ mthane, RP-1, and ammonta.

(b) Determinethe feastbt1.H:y of regenerative coollng for the four fuelsover a range of thrust from 1000 to 10,000 lbF and a range In chamberpres-
_' sure from 100 to 1000 psta. _ .

_" (c) Spectfy operating conditions for whtch heated-tube testtng ts requtred i
to characterize or corroborate heat transfer behavtor of the four fuels.

2. Sco__p.p.S

Numerouspotnt studtes were madeto determine regenerative cooltng feasibil-
Ity at vartous thrust levels, chamberprecsures, and coolant states. The

I_ following table provtdes an overvtew of the scopeof these potnt studtes:
, # Thrust # Chamber

i Coolant Coolant State # Cases Levels Pressures

Propane Supercrtttcal Pressure 16 4 4 ,
i ]_ Propane Subcrtttcal Pressure- 24 4 5

Vapor _
Propane Subcrlttcal Pressure - 11 2 2

i_ L1quld ,;,
.-: Hethane Supercrtttcal Pressure 6 4 4 ," :
'. =- Hethane Subcrtttcal Pressure- 6 4 3 ,,;
_i_ Vapor ,.

v,

"+_ RP-1 Supercrttt cal Pressure 6 2 2 :';

]_ RP-1 Suhcrtttcal Pressure- 1 1 1 '.:_ Liquid -;'

Ammonta Subcrtttcal Pressure- 4 3 3 ','_'_,'_
Ii Lt.qutd . :_.,!1

;: 8 _!

• . . • ,o ,, ,
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I' IV, B, Task I.t - Cooling Correlation andCongjr._go_(_coBt_)

I 3. Approac_h "
The seventy-four cases abovewere analyzed wtth the SCALERComputerProgram

I for forced convection cases and wtth a modtfted verston of the program,, BOSCALE,for nucleate bo111ngcases. These two program were developed by
ALRCspecifically for parametric destgn studtes. Wttb the programsttts

- _ economicto generate a relatively large numbe_of potnt studtes and st111
! obtain a detailed _u_tt-statton analysts of a rectangular channel at each

-_ w axial statton.

:!;: _ The SCALERprogf'amscales the chambergeometryand the local gas-stde heat
& transfer coefficients and coolant heat loads from reference input to other

_: thrust and chamberpressures. The coolant channel geomtry parametersare
-_:; I' prescr.tbedtogether wtth channel material(s) and thetr temperature-dependent .....

J pr,openttes and the coolant-side neat transfer correlation(s). Two-

__;: dimensional heat conductionaroundthe coolant channel ts t.ncludedprovidinga fin effecttv|ty whtch results tn a transformtton of the gas stde heat flux
_i _ to a lower-valued coolant-side flux. A:_each statton, the programiterates
-_: d to determine the channel depth requtred for satisfying (1) a gas-stde wall
_:: temperature ltmtt, whtch can be specified as a function of closeout wall
:_,_-_" temperal:urewtth cycle ltfe and ,'eep criteria, and (2) an optts)nal coolant-

m: _ Stde wall temperature 11mtt, such as the cok.tngtemperature of the coolant.
_!; The only simplifying assumptionts that gas stde wall temperature differences
_, _ betweenthe reference input and the scaled cases have a negligible effect on

_i;, : gas-stde heat transfer coefficients andheat loads. Normally, gas-stde wallJ
temperature 11mtts are well-known tn advance,so that local reference gas-

,_ stde heat transfer analyses can be run at appropriate wall temperatures.

_ TheBOSCALEprogramwaswritten durtng thts study to tnclude subcoolednucle-
._, ate bolllng and burnout heat flux as parameters. The programdefines the ;

=_" LI_ coolant veloctty required at an.axial statton on the basts of a specified
__ _ burnout safety factor. ZtePatton on channeldepth thus satisfies both thegas-stde wall temperature ltmtt, as tn SCALER,as well as the coolant stde

]. heat flux 11mtt.

4. • Groundrulesand Assumptions,
_._, mmm

:ii .. c,o,,Oos,,n
_, The thrust chambergeomtr_ assumedfor all potnt destgns ts Illustrated tn. '.Ftgure 1. Chamberlength (1') wastaken to be 10 to 11 tn. The nozzle con :,
=,;_ tour ts that of a 400:1 area ratio 90_ bell nozzle. The regeneratlvely cooled
' sectton extends to the potnt of maxtmum_11o_abletemperature (2755°F) for a ';'
_, coated columbtumskirt basedon 15 hour ltfe considerations. The attachment

, _ area ratlots calculated tr'om a slmpleenergy balance: :.';

, ._

:_
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I" IV, B, I,l .Cooltng Correlation and Compart_o.n(cont.)Task

I hg (Tr - Tw9) - oe (1 + f) T_g4

where hg ts the heat transfer coefftcten.t, Tr andTwnare the recovery

, andwall temperatures, ots the StephanBoltzmanconJtant, ¢ ts the emtsstv-t.ty, and f tS the tnternal vtew factor to the nozzle extt It_U___,.....

,, b. CoolantChannelJ)#.slgn|
,: _ Atyptcal rectangular coolant channel 1&yourts showntn Ftgure 2. Normally,

each set of tnput par'ameters(t.e., Inlet pressure and bulk temperature)

i:_ ]' requires an tterattve optimization of statton channel and land dimensionsto.mtntmtze pressure drop and provtde the most effective cooltng. Suchan opt1
mtzattoi_was beyondthe scopeof thts parametric study but several channel

designs were ut111zedas approximations for the needsof a broadcategoriza-tion of heat transfer regtmesand cooia_lt states (e.g., densesingle-phase .supercrtttcal "superheatedvapor, etc.). ConfJguratton detatls of these chan
'_ re1 destgns are summarizedon Table I.

Inorder to mlnlmlzemaldlstrlbutlonof f1_ resulting fromtyptcal dlmn-
stonal tolerances, a channeldepth of 0.030 tn. was selected as the mtnlmum ,_

1_ representative of a feastble channel destgn. Channel depths of 0.020 to 0.030 ;
J tn. were considered margtnal In that, wtth optimization, satisfactory mtnt-

wm depthsof 0.920 in. mtght be obtained. Channeldepths less than 0.020

=:ii T tn. were considered beyondfmprovementto the mlnlmumdepth.
For the hydrocarbonfuels, zirconium copper (ZP-Cu) was selected as the gas-
stde 11net material, wtth an electroformed ntckel outer wall. Becauseof the

_ :_ Incompatlb111ty of am_nta and copper, 304L stainless steel was selected for
b

L the a_nonta destgn cases. Gas-stdewall temperature 11mtts for ZP-Cuwere
4

set:by Ftgure 3, whtch ts basedon creep and cyc]e 11fe considerations, gas-
_. I' stde wall thickness requirements were basedon Ftgure 4. StmtJar destgn

charts were usedfor 304L stainless steel. I

c. Gas-Stde Heat Transfer

' Throat Reynoldsnumberstn thts study covered a range whtchytelds three . "
_ boundarylayer flow regtmes. At htgh Reynoldsnumberthe flow ts fully tur '

], bulent; at low Reynoldsnumber,acceleration effects are strong enoughto ,'cause the boundary layer to undergoreverse transit:ton to lamtnar flow. At :
moderateReynoldsnumber,the transition processts started but not:completed _,;

tn the convergentsectton; the transition process spansthe Reynoldsnumber .,,'_ran e of 6 to 13 x lOb F ure 5g . tg dtspleys the the three flow regtmesover
the thrust chamberpressure mapof tnterest to thts study, ,,._,

Q1]_

11 i:_
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' IV, B, Task [.% - Caoltng Correlation andComp_r4son(cont.)

Ia th_ fully turbulent regime, the heat transfer coefficient wa_ calculatedfrom the standard ptpe flow correlation, as Illustrated by Ftgurn _. The
decrease tn the correlating coefficient represents the effects of flow accel-
_rat4on, In the lamtnar flow rogimobe l_minar beet transfer correlet4on wos
used, and tn the transition regton, the lamtnar andturbulent heat transfer
coefft¢tenls were wetghted on the basts of throat Starter numbersbasodoon
laminar and turbulent formulations.

i Heat flux reduction due tO carbon deposition on the gas-stde wasaccounted
for bY a factor that was used only for calculation of the coolant bulk ¢e_-

, erature rtse and not for calculation of local wall temperatures (due topotential local spa111ngof the deposition ayer). The following multiplying
factors were used:

' P_thene: 0.765Propane: 0.¢2
RP-I: 0._o

]_ Ammnta: 1.00
9_

The factors for the hydrocarbonfuels were basedon the hydrogen/carbon

I ratio, following the approachof Reference 5, a value of 1.0 (nO reduction)was also evaluated for the hydrocarbon fuels.

d. Coolant-Side Heat Transfer

]' Forced convection of methaneand propaneat supercrtttcal pressureswas
represented by the correlation developedby ALRCfor supercrtttcal oxygen

:| %° o.oz% %o.4 ( o.67 (1,2)
| .

All other forced convection situations were represented by the Htnes equatton :

I (Ref, 7):
Hub 0.005Reb 0.95 Prb 0.4 i'_.

The burnout heat flux correlations for propane, basedon Reference 8 and ,.,.
dertved by ALRCwere: :',.i'

; I' _)BO" 0,3 + 0.0004 V ATsub, V ATsub _<1000 ":.':.,,_
,. - 0.58 + 0.00012 V aTsub, V ATsub > 1000 :,i,_

_ 17
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IV, B, Task I.l - Coollng CorrnlattQn andComparison(¢ont.) I
fl

whore: V . coo1_ntvoloclt,V,ftl_(_c
^T_ub • coolant_ubcoollng,°F

,_ _BO . burnoutheatflux, _tu/In,P-sac

Tho_ocorrolatlonswore supportedby 11rn'Itodempirical data to:

, V 6Tsub • 3000°F ?t/_eC, wtth a spread of__ 26_.The burnout heat flux correlations for' ammonta,basedon References 9 and 10,
and developedby ALRC,were.'1'

% .2,16 �o.ooo86vAT.h,vAT,u<4000

, _ • 3.3 + 0.000587 V ATsub, Tsub > 4000
Jl

_ii Thesecorrelations ere supportedby data to V _Tsub • 14,000OFft/sec, wtth
_ a spread of +30_.

• y

Coolant-side wall temperatures were 11mtted by coktng considerations to the
._ follow_ values:

. Propane: 800°F _4
•: Methane: 1300°F
• "_ _ RP-1: I 550°F l'

" ] "

• 5. Results[ . i ' ,"

•i" I_ Results for the varlouspolntdeslgnsare dlspl.ed graphlcallyoI_Figure7 _l_. and sumartzed on Tables II through VIII. Ftgure 8 deftnes the locations of
...._ temperatures and flux va'lues Identified on the tables.

Ftgure 9 comparesthe heat available tn the nozzle to that requtred tO vapor-
Ize all or part of the fuel so that the vapor-phaseflutd _an be _lde avatl-

ll Z" able for cooltng the combustionchamber. The Intricacies Of the coola_
l., state changetn the nozzle were not addressed. ,

C. TASK1.2 - HEATEDTUBETESTS

1. Ob:le_,t!yes ,_'_,"

The objectives of the heated tube testtng were to (a) correlate the for_ed _'_,
"_ correct,on behavtor of sub-and supercrtttcal pressure propane, (b)determ, ne ,"!,:;,!the nucleate botllng and burnout heat flux characterization of subcrtttcal :_

I wallPressureten_eratures.Pr°_ane;(c) Investigate propane coktn9 characteristics at elevated i'i_

_,..,_,:........ " ........................... 0000000 1-TSB1 4



,@+ _,

1 \

_11 'lSfltlHl ' . '_

t +"°-+++- il o

_--++ _,,,,-.+,., ++...............

'+ "I IVOIJ.IC tl't'_ +':',++ . a,-. '--e; .... 1 .+'

' I: + ' +
. ¢3.. I.. ,

o, .<,+ _t j i o + ':t: i+ +'4i .+ _+ +
I P ++ _i_XJ+_' 0 oqll ,:+.

f ++ '_Xl ++'
I +: !_X!, :+'

0 lit '

I +N lql 'ISflSHI lql ISlh_tll ' _

'i' 'i+

20 :,,.!
' ,l.J ; .

i

/

.... , _ +.'+'.,," - + .... + + . + ........ ++ +..+_ ._ +,_ + .

..... T _ L Z Y ] _ ----lJll UI+J--IIJL/-- .......................... ,,,,, ,, +,, , ,

00000001-TSC01



00000001-TSC02













|,' OF pOORQUALFi'Y '

' I _ _ _ _" _ _'_'_=_ I_

=,_

_'_ ,_ '

i i

__ "_ ......

' _ '

,_-

_'_- - _ ..... _ ..t-, .

_.._ _ ........ ,-_ _.,_ _ ............ _, .._ .._ :,
!

I",,,

'. 't" 27 Q

" |

00000001-TSC0_



00000001-TSC09



O0000001-TSCIO



-"'ql

.!
I OF poor qu_Ln_l'

],." ,

- _

' £ '_

,- ¢

30 .:i_

O0000001-TSC11







i,_ ,

,i , r-iii
i1

.. 'T_'r

' _ '.

00000001-TSC14





_ I _ i_

• |i
OF POORQUALITY

]

' QAO3

]_
TWLC TWL2 .,

" QAI2

• T ''::

}

'i!
] "

f

]i Ftgure 8. Nomenclaturetn Coolant ChannelThermal Analysts

,i

' ,_
35'

':,!i

00000001-TSD02



I
ORl(.,n,p,t_ll:,L_ _..-._,_,

i: I .AP_NI^ OF POOR QLJ.LITY

........ I_T RgO'OTOVAPORIZEI

..... f IOJ6YPAS$FLOW

F • II)K IOMSI
, I , k , ,_ I

I_ 300 _00 100 I

CHAMKRPRESSURE• PSIA

] • PROPANE

oNOCARBOH0 A_TION IN NOZZLE
_0

t;l

HEATRI_'OTOVAPO_IIZE

I

BYPASSFLOW ,. _ ;',_L"_C_

F • 4K_CS)

_.m _ESSURE-PSlA
• MF,11_

_; t "----'---- Z HEATREO'DTOVAPI_IZE ''

i'_ _ BYPASSFLOW .,; ,

Ftgure 9. Heat Av-_labtltty Evaluations _'"

........., .....'I "2)f'. '.........'"...................':_ __ ......;,,",'-_,-."'= ....._ ........._'_.;_....,--_-'--_'_..........___.--r:_:,:-_=-_:-_:..............,..........._-::-:---._-_.-.-=.:_=.:....

O000000]-TSD03



; 4ml_'

I

l IV, C, Task 1.2 - Heated Tube Tests (cent,)

I " it
Twelve individual tests were conducted. These tests exceeded 18,600 see in t

.,l condittons.dUratt°nand..gene_ated 840 Individual dat_-points, Table IX summartze_ test !

Forced convection heat transfer coefficients were measured over the fell owing

ranges'

Pressure: 450 to 1800 psta

I Bulk Temperatures: .250 to +250"FVelocity: 50 to 160 ft/sec
Heat Flux: 0.2 to 10 Btu/tn. ¢ sac

b_

] Nucleate botltng coefficients and critical heat fluxes were determined over
the followlng ranges:

Pressure: 450 to 500 pstaBulk Temperature: -240 to - 12°F
V ATsub: 20,000 to 4O,OgO°F ft/sec

T
Coktng was evaluated over the following ranges:

Pressure: 1800 psta
Bulk Temperature: 70 to Z30°F

_ Wall Temperature: 350 to IO00°F
Velocities: 50, 150 ft/sec

Propane Grade: Instrument (99.5%)Natural (96%)

_ 3. Results and Conclusions

A correlation for forced convection was developed which grouped 95% of the
data within +..24%.

t

Only a limitedamount of nucleatebolllngdata were obtained. The critical
,, heat flux values measured were significantly higher (80 to 100%) than pre- '
_: _ dtcted on the basis of extrapolation of published low V ATsub data.

r Coktng was observed at wall temperatures as low as 500°F. Coking rates were
• T comparable to those published (Ref. ll) for RP-1. Propane purity dtd not -

¢ a_fect the temperature threshold of coking, but did affect coklng rate,

_, [ o'

:,T

/ ./
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Ii ' IV, C, Task 1,2 - HeatedTubeTests (cont.)

_. ]' 4. Test Fac111t.y .,
_i ALI¢ Heat Transfer Test System

' The heat transfer test facility, shownschematically tn Figure 10, conststs.:_i of the following. 1) a 150 gallon 5500 pst, vacuum-Jacketed,propanerun
_:, tank wtth a high-pressure heltum pressurization system; 2) a Jacketed ru_

_ ] line; 3) an enclosed, electrically heated test sectton; 4' 225 KwDCpower_! supply; and 5) all necessaw cQntrols and instrumentation,

-: 1' The test section apparatuswasenclosed tn a 1/2 tn. thick alumt_umbox. The
4 test section enclosure was covered wtth an acwltc windowand purgedwtth dry

:: nitrogen to matntatn an inert atmosphere. During testtng, t_e-test section

! T was monitored continuously wtth a closed--circuit tele_d.qJ.on.

=: _1 The test section was clampedtnto electrical connectionscantilever-mounted

i! _ tn the test sectton enclosure. The upper connection was supportedwtth flex-

ures to peemtt axtal movementof the heated test sectton tube due to thermal
expansion. To ensure free axial movement,a tension.force was applied to the
outlet end of the test section. The inlet of the test section was maintained

:_ " T at groundpolart.ty, and the outlet mixer"Incorporated electrical Insulation

to tsolate the test section from downstreamtt]umbtng.

J
Flow control was accomplishedusing a 1/2 in. control valve at the test sec-

I tJon outlet.

Bulk temperature control of the propanewas p.rovtdedby an LN2-drtven heat

exchangerand rectrculatton pumpsystem.
b. Test Sections

t 'Electrically heated test sections were designedto gtve the greatest range of
, test conditions and data points without exceedingthe strength of the tube or

: the capacity of the test facility.

The test sectton configuration, together wtth tnstPumontatton locations for t
_ all tests, ts showntn Figure 11. Wtth the exception of Test 111, where the

I test section from the prevtous test was used, new test sections were used for
The Installation of instrumentation tn the test sections ts showntn Figures
12 and 13. Pressure taps were located Immediately upstreamand downstreamof ',
the test section and were connectedto pressure transducers wtth 1/8 In. dta.

CREStubing. Temperaturewasmeasuredat ftve stations spacedat even tncre- :
, me_ts along the outstde wall of the heated section. Twomeasurements,

: 39 ...,

; .
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J' IV, C, Task %,H - Heated TubeT_st_ (cant,)

located 1900 apart, were taken at each station and averaged, The thermo-coupleswere electrically insulated from the *,ubewith a thtn strip of Ht.ca
to prevent voltage from the tube Interfering wtth thermcouple readings, To

ensure goodheat transfer.between the tube wall and the thermocouple_thethermocoupleswere spring loaded against the test sactlon. Becausethe
thermocouplosare not directly attached to the heated tube, the measured
temperature 4s somewhatlower San the actual wall temperature, Calibration
teats for these configurations (Ref. 5) allow correlation of measureddata
wtth actual wall temperature.

c. Instrumentation
The measuredparameters, together with. tMstrument type, are listed In Table
X. Zn addttton to the standard low frequency measurements,high frequency

transducers, installed tn both tnlet and outlet mixer sections, werepressure
usedto measurepressure oscillation resulting from abnormalflow or heat
transfer modes.

I 5. Heat Transfer Tests

, The propaneheated tube test program consisted of a total of twelve indivi-dual Costs. Eachtest was designed to cover as wide-a range of test condi-
tions and variables as flutd flow ttms_ould permit. "

_ A detatled summaryof a11 test: conditions ts presented In Table XI. At each
_ data point, ftve wall temperature measurementsalong the length of the tube ,_

were recorded; these correspondto the thermocouplepositions shownIn Figure
_ 11. Internal wall temperatures, calculated from the masured external wall
J temperatures, are listed tn Table XlI tn conjunction wtth the calculated

_ local coolant parameters. The data potnts 11sted tn Table XI are keyed to
the test sectton local coolant parameters, showntn Table X%1,through the

.. Tests 101-105 were all conductedat supercrtttCalTPressure, covertng a wide
range of coolant bulk temperature and velocity, yptcM wall temperaturetrends versus input heat flux for each test are plotted tn Figure 14. Data
trends were similar tn all tests, wtth the heat transfer coefficient i

I_T degrading at Increased wall temperatures. Flow oscillations, shownshadedtn :¢ the plots, often occurred at htgher wall temperatures, particularly at lower
preSsures.

4

_ Test andtests were conductedat pres-'through106 109 111 a|l subcr|ttcal
sure. A typtcal wall temperature versusheat flux for these tests ts pre-
sented tn Figure 15. Data trends were similar In all tests and could be
separated tnto the various cooling regimes: forced convection at wall temp-
eratures below the saturation temperature, forced convection wtth nucleate :!
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.. ] IV, C, Task [,2 - Heated Tube Tests (cent,)

I" boilingfrom the saturationtemperatureto the criticalheat flux, and film
...._' _ bolIIng,

• n_ Three tests were dedicatedto evaluatingcoklng behavior. Figure 16 shows

the masured temperatureresponseswith variousheat inputs;the )radual
_. increasein temperaturereflectsthe build-upof the coke layer,1.e.,

reducedcoolingeffectivenessof the fluid flow._qm

,_ 6. Data Correlation

; - '_- Forced Convection
jl

Forced convectionheat transferdata were correlatedby using the following
: equation:

" "_ g h

where: Nu = Nusseltnumber

: Re = Reynolds number
I Pr = PrandtlnumberP = Density

; p = Vlscoslty
•,, _" k = Thermalconductivity

Cp = Specificheat
_ K = Experimentaldeterminedconstant

"" a" P = Pressure
) Pcrlt = Criticalpressure

= Length/dlameterfrom initiationof heating

,_ and subscripts: =,

b - denotespropertyevaluatedat bulk temperature

_' )T w - denotespropertyevaluatedaL wall temperature '.i
i ,

The constantsk, a, c, d, e, f, g, and h were determinedfrom the forced ;

v _ convectiondata by using a multipleregressionanalysiscomputerprogram. ,,'

t

I
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i IV, C, Task I._ - HeatedTube Tests (cont,) 1
I
I

' Ftve caseswep¢_onalyz_d,as follows:
* .... j ......... ,, _ .......... v,. . .......... i J

¢atO , : Coeffl¢lontl / _xponlntl STD
- lu t_ i i

. N_bet" K a ¢ d e ..f. o h Deviation ¢aammntl

1 ,00§36 ,90 ,4. -,125 ,242 ,193 -,395 -o024 ,130 All forced.convectiondate

' 2 ,00145 1,0' ,4' 0,227 ,357 ,069 -.299 -,037 ,13C All forced ¢onv0cttondillReynoldl numbo¢f|xod

., 3 ,00S45 ,890 ,4. -,114 ,228 ,267 -,$26 O* ,130 All forced convection data

(P/PoHt) removed
;... 4 ,00532 .889 ,4' -.129 .351 .0995-,432 O* ,127 Supercrlttcal date
",, (P/Porte) removed

!. ,, . S .00568 .876 ,4' ,120 -.142 ,828-,368 .254 .121 SupercHttcal data. _,_ wtth (P/Pcrttltem

*Denotesexponentheld constant tn analysts?,

" Cases1, 2, and 3 uttltzed the data from all twelve tests. In cases4and 5,tests 106, 109, 110 and 111 were deleted. In all. casesdata points tnf.lu- _-
' encedby oscillations or poor energy balance were not used.

ii"_ FigUres 17 and 18 plotthe recommendedforced convection correlations based
on all data and supercrittcal data only (cases 3 and 5),

" Nucleate Boiling and BurnoutHeat Flux
Burnoutheatfluxdataare plottedin Figure19 and correlatedby:

I: _B.O = 0.5+ 0.00027 V ATsub

_! where: _B,O,= Burnoutheat flux- Btu/in,2 sec
V = Fluidvelocity- ft/sec '._.

[ ATSUb = (T saturation-T bulk)" OF
Nucleatebolllngdatawere correlatedin the followingmanner: _

;t ,
_T = I_F,C.+ /t;

l,

"t :

i! 't.%
70 'I
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_ OF POOR QtJAI.EF',

, IV, C, Task I,_ ,', Heated TtlbnTnsts (cent,)

i where: _,C, . Total measuredheat flux - Btu/In,_ sec_ A_umed forcedconvactloncompanBntwhen

i .Twall> Tsat . Btu/in,_socI

(JNuc " R(,_s[dualatt_Ibutodto nucleateboilingmechanism
_" Btu/i.n, sec

The forcedconvection effect was calculatedfrom

i -_IFc hF,C, (Tsat- Tbulk)

The forcedconvectioncoefficienthF.C. was calculatedat Twall.= Tsar

• I ONuc_Wasthen.plot}edversus.wallsuperheat ), The
results are snown in Figure 20. (Twall " Tsar

Coktng Correlation

Coktng data are plotted in Figure 21 in the form of coklng rate versusthe
reclprocllof absolutetemperature, A dashed line representingRP-I rates

- I (Ref,II) Is shown as a comparison,.

Coktng rates were calculated from the test data using the following mOdel:

.... _x,-COKE fTUBE
i LAY£ WALL

I"TFILM

" i COOLANT TFILM
FLOW-Tb

1_ TEST SECTION ...

_1_' '__w,_ ........'_-_....__5_ .__..
• RCOKE RCOOLANT ::

HEATMODEL _
L ii

i

!:i
_ 74 '

,}

t e
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" Ftgure 21. PPopaneCoklngRates ,.,..

[ "
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I

I IV, _ Task %.) -Heated-Tube Tost_ (cont.)

_'I In this m_1:

, TwoS1 - Calculatedinside tube wall temperature :,
(from test data)

TJ11m - Effectivecoolantfilm temperature

lbu.l_ - _)ulktemperatureof coolant (from test data)T " Heat flux (fromtest data) '"'
J Rcoolant - l/h, where hts the measured heat transfer.

ill coefft cl ent ,,:

i Rcoke = Thermal r_es_stance Of coke layer
_, Trtlm iS assumedto be the reference temperature at which the coktng ts

oc6Oi;rtng. It ts caluulated as "1

I Tftl m = Twall- (Rcoke @)

I or' _I_ Tb + (Rcoolant(a)

i Initially Rcoke = 0 and Tftlm = Twall.
As coke developson the tube wall, Tfilm is calculatedas: _.

I' Tfllm = Tb + (Rcoolant 8)

At constant @,Tb and Rcoolant are also assumedconstant, therefore

!:[ Tfllm _emalnsconstantand Rcoke Is calculatedfrom Rcoke = (Twall-JfiIm)li_

i Rcoke ts masured as a function of time and a coktng rate defined as ':
: Rcoke ,.

[ •: At .,
:"

at the effective temperature, Tftlm

Upon changeof power level,_),a new Tfllm is calculatedas: Tfllm - ',
Twall (Rcoke[currentvalue]_) whereuponthe procedureIs repeated. L:,

,pD

,_b ,

7. Test SectionInspection ,.,.
Test sectionsused for the supercritlcaland coolingtest serieswere split !
Into two halves,as shoWn In Figures22 and 23. ":'• _,

Small amountsof coke can be seen In some of the supercritlcaltest ._ectlons ,_
(short duration exposure), while blackened tubes were characteristic of the :,_

Iew velocltycoklng tests. ,_
,),
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I ORIGINAl. PAGE• OF POCIROUALITY

£,TI N....C(_:INGSITRIESTFST _-" n

'.| TU[IE MATERIAL: MOI'IEI. }{,ijf)

TUBE DIMENSION: I ',_ ,. 015 ....., ,<...,Ill, fi.it _ . lri WAIl. x G ,i7 111.

.!
...............-i,,. Ft..OW 'i

I "---_1 III "11 I ....... '11 IIIIIII IIIIII I._.1 ---{ .......... . .-7]. ........ _].] L.]........I/lllll',.I
i ..........

" I "• 11' r IIIII .t ..... i-- ........._........ _-_ I!1lLJLLL.L...... IIII..... J.L. Ill'--;7 ' .;:T--T_lli
f ......... 1

TEST: HTB6-791-lii7

' I VELOCITY.:4f_FTISEC
I

PRESSURE: 13OOPSIA

I ':_ I. t_ I,J r
,:-. TWALI.MAX 1"_n" _"

'_MAX .= 5,8 BTUIIN'?-SEC

.> ,I. PROPANEGRADE: NATURAl..
i

I "ill...... +-

..... .... _.... .......s-_LJ....' " ' II IIIL I I I ...." " "1_................._ ..................... '.... _"
!i • ll

': I'-- TEST: HTB6-797-108
II

VELOCITY"- 160 FTISEC

'- I PRESSURE= 1800 PSIA
I

TWALL MAX : 732°F

;_ i CMAX = 10,4 BTU/IN2-SEC "i

:' PROPANEGRADE: NATURAL

'.|

._ iiiiil _ f/ ii_ IIILl!iJ,n
!

.L"",,, -"rcz.:::'.:.,--.:.":<'-_'-..:".. "'" _....... ""' 'TL IIIIJl I " I......II I I I LL__ III " "°ll

_ I TEST: HTB6-797-112
! VELOCITY: 50 FTISEC

:'I PRESSURE= 1800 PSIA :.'_
TWALL MAX :-1164_'F i

I 4,MAx --.6,20 BTUIIN2-SI;.C :'.
PROPANEGRADE: INSTRUMENT _.

'eL

Figure23. Test Sections- CoklngSeries .::,i

' '_ i+

_Til _" "_"-- --± I II1'.I. ' " # "'_'_'_ _i_ -':_k_i _ ''_ " " " "_Ilii'_ ,_ . --" . -- " ' "_"
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I IV, ¢, Task 1,2 - Heated Tube Tests (cont.)

I 8. Propane Purtt_
Two grades of propane were purchased for this program - natural and lnstru-

If merit grade, Nine cylinders (20 gallons each) of natural grade have been
I used, Ftve of the ntne were purchasad from Matheson and the reminder from

Liquid Carbonics.

i:: '1 The initial run tank ftll consisted of 5 Matheson and 2 Liquid Carbonics cyl-
_ m tnders. An additional cylinder was added on 16 April lg80. A sample of the
_; run tank contents was taken on 23 May 1980 after completion of heat transfer

= _ test #107. Propane purity was near nominal, 95.4%.

P_tor to initiating heat transfer Test #108, an additional cyltnder was
: f added, and Tests 108 through 111 were completed. On 1 July 1980, a sample

I was again taken prior to purging the system for addition of-_tnstrument grade.

-? The analysis showedan unusually low propavnecontent, 87%, while ethylene and

butane each to 5%.componentswere up

On 18 July 1980, followlng Test #112, the run tank and unused cylinders of

i product were sampled.
Sample results are tabulated on Table XIII.

! ,D. TASK Ill - PRELIMINARYENGINESYSTEMCHARACTERIZATION

I 1. ObJectiv.eThe objectiveof Task Ill was to characterizeengineLOX/hydrocarbonsystem
-I parameters,In particularperformanceand weight for LO_/hydrocarbonorbit o......

!' 11 maneuveringand reactioncontrolsystemthrusters, i..

m..

" The Task III resultsformeda basis for a relatedcontract,LOX/Hydrocarbon '

_ AuxlllaryPropulslonSystem Study (Ref. 4) conductedby McDonnellDouglas ,
|_, Astronautics Companyto characterize the engine pod system. ALRCalso sup-

_i portedthls programunder subcontract,to provldeaddltlona]parametricdata,

iI 2. Scope

_ Task III was conductedin two phases, '13ase1Ine"enginepoint designswere ,

I evaluatedin the Inltlalphase and "parametric"engine point designsIn the '.._ following phase. "
t.'

4 '.','

I Thlrty-elghtOME and twentyRCE designpoints were analyzedon the two !'.i! contracts. Of the OME design points,twenty-eightwere pump-fedsystems and :..

ten were pressure-fed. The pump-fed systems were primarily gas generator i

; t "g

80 !

,,N
i
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!
I TABLEXII...!

. nl PRO_Ng SAMPLEANAL_IS "
.... Comppnen.tt.Volume% ....

Propane Butan__..__eUnknown2
: I Sample Ethane Et_lene 1
'. 23 May1980 1.32 - 95.4 3.03 0.25

' 1 Ouly 1980 0.56 5.14 87.36 5.48 1.46

I (Run Tank)

18 Ouly 1980 0.10 99.00 0.42 0._

(RunTank)

Liquid Carbonic 0._ 99.95 0.01

Instr_entGrade,as received

Liquid Carbonic 1.08 5.23 90.85 2.82 0.02Natural Grads,

I as received

T

Tentativeasslgn_nt;retentiontimeis conslstent._

_. 2 Peakshapeis similarto butane. One speculativeassignment

" _ is butylene,butno standardswere available..

h
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I IV, I),Taqk IZ! . PreliminaryEngineSystemCharacterization(cont,)

I cycles in which fuel-rich gas was used to drive separate turbopumps for thetwo propellants; commonshaft concepts were also investigated, Several
expander cycle design points were evaluated. A1.1twenty of the RCEdesigns

' were treated as pressure-fed; chamber pressures were in somecases suffi-ciently high to require pumpfeed systems, however, and these were eval,iated
in the Reference 4 study assuming an OMEturbopump could service n_llttp'le RCE

, thrusters. Twelve vernter engine design points were also analyzed in a cur'-sow manner,

3. Results and Conclusionsh T

_l In general, methane and propane were found to offer the h.tghest performance,
with methane being sltghtly higher than propane, Pump-fed systems had higher

' performance than. pressure fed concepts, by virtue of higher chamberpressure_" and higher area ratio within the constraint of a fixed nozzle exit diameter.
Pressure-fed engine performance with ammoniaand ethyl alcohol was nOt
significantly better than that of the current engine which uses storable

_ _t propellants. Pump-fed engines using methane or propane offered a 50 sec Isp
improvement, however. Performance trends for the RCE thruster design points
were similar for the four fuels.

_ Engine weights varied inversely with chamber pressur9 for the pressure-fed
OHEdesigns, only one thrust level was addressed. Pump-fed engine weights

varied directly with thrust and only slightly wit_ chamber pressure. I_eights :,"dtd not vary significantly with fuel selection in either case. "

, Key results for all design points analyzed under both this and the

McDonnell-Douglas contract in Table XIV,
are given

_ 4. Approach ,

_ The analytical approach for a given design point was to first calculate the

'_ chambercoolant needs, which determined the turbopump requirements or tankpressures in the pressure fed engine concepts. The turbopump requirements in
turn dictated the gas generator requirements. The three componentswere thus
analyzed sequentially. Thereafter the overall engine performance and weight
figUres cOuld be defined.

I As in Task I, the SCALERor BOSCALEcomputer programs were used for the
regenerative cooling analyses. The turbomachinerywas analyzed with the
TURBOcomputer program written by ALRC.

: The film-coolant requirements for the RCEand vernier thrusters were calcu- ;:,

i l T lated by meansof the HOCOOLcomputer program written by ALRC. This program

is based on an entrainment model in which the core gas is assumedto be '_,

i x: !
: 8 2 • .21 ' "

!i!li.

c
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I i
_ I' ZV, P, Task !Z! - Preltmt.naryE;ni]tneSystemCharacterization (cont,)

' I entrained by the ftlm coolant gas tn an annular mtxtnfl l_yor along the chad-her pQrtphor¥, It tncorpora.tes the frameworkfor regenerative cooltn9 _
analysts, The programwa_ alse used to dotornlln_..tho._ttmcoolant require-

' I montsfor the O! thrusterg.
,,. 6. 6roundru,los and Assumptions

I° Groundrulesand assumptionswhtch gutded the dostgnpotnt analyses of the
OHE,RCE,and vernter thrusters are Identified tn Ta51e XV, along wtth the
rationale for select$on and the tmpact on the engtne destgn.

• |, It should be noted specifically that the regenerat4ve cooltng analysts was
updated for tl_e empirical heat transfer correlation develepedtn Task I for

I propane; thts correlation was.usedfor both propane andmethanetn the destgnpotnt studtes. Also, the gas stde heat transfer correlating coefficient 1C9!
proftle was changedfrom the Task I parametric studtes to reflect the experl
mental results.since obtatned by ALRCtn hot ftre test4ng wtth LOX/ItF1 un_r

i contract NA$3 21030, Htgh Denst_ Fuel ¢o_ust4on andCooltn9 Investigation
Reference 12.1. Ftgure 24 showsthe muchhtgher cg proftlas used for both
low chamberpressure (contraction ratto CR- 2) and hlgh chamberpressure

i (contrectto¢l ratto CR- 3.31 cases tn comparisonto the "standard" proftle ;used tn Task '..

J 6. Technical Discussion
ml i i i| i i i

; Engtnecycles analyzed for the OHE systemare show,on Ftgure 25. _e RCE, was treated as a stmple pressure fed engtne stmtlar to the pressure fed OHIO,
;,. ]' except that the thrust chamberts film-cooled,
_-:

t_i::_ Data sheets summarizingthe pressure schedule, thrust chamberthermal analy-sts, _urbopumpand Xgas9enerator analysts, performnce, andwetghts analysesare 9tven tn Table VI for all baseltne engtne destgnpotnts, and tn Table
:o: XVII for all parametric destgnpotnts, analyzed under the NASAcontract.

I
ii_ ...." ,..

j;

"i!, ,
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i,,.__. TABL_.,XyI(conl_.} Page tow 16

I
' ' t_

,_. i_. 1.1 OHEConcept
'i

i_. 1_ PROP|LI.ANTS LOX/C3H8 LOX/CH4 LOX/NI43i! ' ........ CO[_EI_TS
,;.' PC/F 100/6K.....800/10_000/10K 100/61(800/10K O0/6KZO0tlOI_ .i

;i :: _' Boo_te PlenumPc, plte i00 800 800 _- 80n 100 800

. e Face.Pc, p$1a 10) 814 824 824 't03 824 Ba,edonAc/Atb3.3e APtnJ_pit* 3[J 160 160 160 3S 160 8asedonCl_ug
"_ Crtterta

', t _PTcv,pit 8 ZO ZO 20 5 20 Typtcalfe" -. Z-

i" tn9 r_, •O 6P|tllel 'ptt " 16 1_ 16 - 1_. _'" _.
!

i e gPc]Ddst 40 118 115 188 15 290 te :CAP, Pal 80 311 311 384 56 486

a Interface or 143/183 1020/ 1020/ 1020/ 143/15910201

_': i ° pumpdtscNirge 113S I13S lt08 1310',_ p_'essur'e[oxtful ),
._.. plte
;', i _Pt_,I/P¢ 0.35 0._0 0.20 - 0.20 0.3S 0.20

I- , _,c,] ''c 0.40 0.14 0.14 - 0.23 0.16 0.36

]
! NOTE:Prel|ure echedulezfor b_t,hOHEendRCEencj_nesare at, the nomtnaloperatingPcandHR.*Pump-fedrain. 6P_nJ,O._x Pc

Pressure-fed 6PtnJ:
e Liquid tl1_ecttori: mtn 6Pt, ,*/Pc,O.2

_" . Gee,_.ctton: rain,_Ptn_/Pc.O.1S

Note: Htrh 6PtnJ/PcoccurseL low PcandhighHRcornePof opevattn9box.

T
102_ "_
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OF' POOR QUALITY

I

I
I 3,2 RCEConcept ,

ii

PROPEIJ.ANT$ EOX/C3H8 . LOX/CH4 ' ' LOX/NH3
........ COHHEHT$

I PC IS0 250 160 250 I G0 250
ii i HI

e PlenumPc, psla 150 250 150 250 150 250 = ,
l e Face Pc, psta 154 268 154 258 154 258 Basedon Ac/AL 3.3

e ttpt_, pst* 8;I.... 3811315 82 38/38 72 381120 Basedon chu9
(ox/fuel) criteria

I e APTCV,psi 20 20 20 20 20 20 Typical for exist-|ng engines.
e I_AP,pst 120 5B/1,_6 102 58158 92 5Bj_40

e Interface 256 316/414 256 316/316 246 316/398.Pressure, ps_a

e AP|njIPC 0.68 0.ISI0.5_ 0.55 0.1510.15 0.48 0.1510.48 ':
' (Ox/fuet)

]

I
!

| ,

Note: PressUre schedule ts basedon nominal operating Pc and HR .;,

*Basedon pressure-fed criteria (r_ference 3.10HL . _ncept).

!
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I ORIGIH_LPt',e,',_,U:_OF pOORQUACtl_f

| TABLEXVX_(cont,) Page3 of 1_

I
I "2:

4,0 CHAHBERTHERHALANALYSIS.

4, I OH( Concepts

I' PROPELLANTS LOX/C3H8 LOX/CH4 LOX/HH3
......... COV_IENTS

PclF I0016K 800/IOK 800110K I0016K 800/IOK I0016K 800110K

I " T - - i,(8oost
Pump)

t_

• _, e Thrus,,Ib, 4400 90,8 _ 8867 4550 8905
]

w
t#l

a Pc, psta 75 720 _ 720 75 720

• e HRTcA 2.31 3.15 a; 3.68 1.495 1.13

3.68 1 68 1.47
s HRcore 3.3 3.15 _ ,

q.

a _Ox, lblse¢ 9.62 18.84 _ 18.79 8.66 14.52e Rf, lb/sec 4.16 5.98 ._ 5.11 5.79 9.88

s No.of RagenPas_as1 (up) 1 (up) _'_ 1 (up) 1' (up) 1 (up) Counterflow :"

i a ePc.J., psi 17 90 _o 146 7 140
8"-

s Pc.J.-tn.psta 160 1080 _ _ _ 1080 150 1080
0 =m

I e Pc.J.out, _psla 133 990 "_ _
_:_. 934 143 940

" e Tc._i.-tn.°F -44 -44 _ '_'_ -259 -28 -28

] ._ -12 34 30
a Tc.J.-out,* *F 28 186 _ 8
e ATc.:i.,OF 72 230 _ u _ 247 62 58

" e Regen¢ 6.2 23.6 "'_ '_ _ 23.6 6.2 30.9 _adtatton cooled

]' 1.25"' 0 _ _'_r _*_4 _*_6 ,ozzle attachment
a, tffc, lb/.c o _ entrat,'_ent

_ " _ "actore 1WuelFtlm 30 0 _ 0 11 30

]' C001 An_;

•, e Tffc.tn ' *F 28 - - -28 -28 .

. .,.,...,.-......,,, .,, ,o, ,o,
NOTE: All thermal analyses were performed at low Pc And htgh HRcorner of operating box. ,;

' Th|S ts the most severe operating potn,t.

]i' "Bulk temperature of coolant |s basedon cbkedgas s|de wall: C3H8 QecL/Q• 0.42 '.:,
CH4 Qact/Q . 0.765

• *Total fuel flow used for regenerative _ooling. '_i

. ,/,
• ':, ***Fuel film cooltrig does not pass thro.gh regenerative coolont _cket. .,,

•***Twg ts basedon e carbon free wall Surface.104 i._i_

|
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OF pOORQUALITY

I TAOL_Xvz(co_t.
........... ) I_e 4 of ls

' I

I 4,0 ¢HAHBER THERMALAN.A,LYS[IS(cont.)

I 4.1 OI,tE Concepts (cont.)
..... i =l

PROPELLANTS LOX/C3H8 LOX/CH4 LOX/HH3.......... COIeIENT3-
Pelf I00/5K 800/I01_800/IOK I00/6K 800/101<I0016K _00/I0_

- m I = i

] .o.
i ,,u,,_,) i_8ooo_m.e Tw1 mx 1511 7_161 .... 8522 1521 2011 i IO00°F Max

, e h9%STU/tn2-sec .00133 .00b,93 .00490 00094 .00791

' ] 2"*et h1%BTU/th se¢ 00554 0321 0404 0186 0947-*F
o TP, °F 1510 5960 5840 2773 1728

] e Q/Agmax,BTUltn: 1.74 26.3 26.7 2.20 6.9see
I Q/ALmax,BTU/tn 1.02 16.9 14.6 2.32 7.5

_i_ . max se¢] _o 1. 0.77max0.771 NA NA 0'592 0"5421 2. 0.50 max
tal ,SllJ/sec 160 868.8 1450 345 617

1; ' VCmax,ft/sec 38.3 136 242 28.1 180
e V¢ (Hath No)max " .044 ; 0.234 - - 0.3 maxi

° No of channels 350 145 !

143 328 144

i Htn Ch Depth,4n 038 040 l I

t .036 .060 .041.

, e _Pc.J./Pc 0.23 0.12 J- 0.13 0.09 0.19

]i . Ltm,ttng {_BoCrtterta - Twl Twg- _/_AABoTwg. Tcloseo_

I
]

i

'i ' ]' *_max.flux.
-!

,_" 105
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I•OF POOi:_QUtlLITY .,,

I ;il
TAB_:_X_cont.) Page6ne18

a

l 4,2 R_ Conceots

I PROPELLANTS LOX!C_H8 LOX/CH4 , LOX/NH3
.......... COMt4E_TS

Pc 180 260 160 250 1SO 250

I %i i i i ia. 870 Lb Thrulter

e Thrust: 1_: 5LX) 520 5_0 57._ 520 520

1 . e PC, pSta 90 150 90 150 90 150

e MRTcA 3.14 3.09 3.48 3.57 1.58 1.56

I e MRcore 3.85 3.85 4.20 4.41 1.96 1_6e g_. 1b/sac 1.386 1.335 1.:'_ 1.361 1.123 1.088

, t_'l b/sec .442 .431 0.400 .381 .719..... .697

e gffc' 1b/sac .082 .084 .069 .073 .1-47 _42.-. Saturated vapor at
Injection

i _l Fuel Ftlm 19 20 17 19 20 20 6_ entrainment "
Coolant(of _f: factor

J ' , 2400 2400 2400 2400 2400 2400°Fmaxlmum
Taw t4ax, OF 2400

.: e _ Fpel Ftlm. i
GOOl.[Of %or,a f_/) 4.8 3.9 4.2 8.0 8.0

e 25 Lb Thrusters Conceptis stmtlar .;

I e Thrust, Ibs %oLO2/RP-1tgnttee Pc, psia whtchhas duct ftl:cooling. Core MR
e MRTcA ts 20:1 to reduce

Twg. Selected+,x e MRcore overall MRis at :
Max. Isp.

e W,,,,+lb/se¢
.v_t

e Wf, lb/seo
.... e Wffc. lb/sec

e IFuel Film

' I CoOlant41TawHOX,°F

I i • ,i ii lU, i Ul I _'

4I "_

| :Lii
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II OFPOORQUALITY

II .TABLEXV!_(cont,.) Page6 of 16
II

I S.O TPAA_DGGAA_

S.I _

I I . l J .'PROPELLANTS LOX/C3H8 L'OX/CH4 LOX/NH3
....... COI_ENT$

P_PS HA|N t'AIN HAIN -

i B/P

it ii i i it i • I t ii

e Pumps ,

I e Rox' l_/se, 20.39 !0.39/22.3 20.84 15.84t J_f, 1bin/see 6.80 6.8/7.3 5.96 14.98

e NPSPox?ta 20.3 1.0132 41 34

i e NPSPppsta 20.3 1.0/25
12.3 23

e P_ox, ps_a 35 15.7/5_ 56 , 49e

e Ptf. p$4a 35 15.7/39 27 38
I Poox, psta 1040 5111040 1040 1040 :..

e Pof, psta 1155 39/1155 1123 1330" I TSOX,°R 162.7 162.7 162.7 162.7

e Tsf ' °R 4_6.2 416.2 217 432

I e Spec. Spdox 1592 4157/1573 2870 2500

• $peGSPdf 1546 415711184 1293 1,870e Suct.Spec. 30,000 30K/20K 30,000 30,000
$Pdox

1 _ , Suct.Spe¢ 30,000 30K/20K 34,75C, 35,770
] 5pdf '

e No. of 1

l: Sta'et°xe No. of 1
5tagesf

Z'M

NOTE: See page3 of 3 for additional pumpdata

107

I

O0000002-TSB05



I
i OF POORQUALITY

!

i '

' S,I _.Concepts (¢ent,)

" i o I
j i i ,i i Jl .:

'PROPELLANTS LOX/C3H8 LOX/CH4 LOX/NH3 :!_!

___ i i i i

" I PUHP$ MAIN t_1N + CO_EN_........... B/P . - HAIN HAIN :"

• e ]rap. Oox' In 2.0 2.4/2.i* 1.26 i.23 ;

e Imp. Of_ tn 1.38 1.8/1,& 1.63 1.62 :;

;- | e _OX, S 62.6 74/60,3 58.4 57.8
i

e _If. '/* se.4 72/57 59.5 61 /il
• " I IO TUrbtneS

i

e Pln, psta 790 g36/790 790 790

.- e Pout, psta 79 ]8/79 79 79

J . Pr 10 -/10.0 10 10 i:e

e gGGoxlbm/se 0.42 .45 U.278 0,268 For ox TPA -i

lbm/se 0.28 .30 0,231 0,494 For fuel TPA:_ e gGGf,

e Ttn' °R 2000 -/2000 2000 2000

; ] , To.t,"_ _s47 -/1_24 1s66 1539 _S _T, eR 353 -/376 434 461 _'"

' o Spec, Spdox 7.8 7.5 9.3 9.7

" ]i e SpecSpdf 12 , 9,6 10 14 :_',
e No. of 1 1/1 1 1

StageSox !i

4 No, of 1 1/1 1 1
; Stagesf

• ]i a Ttp Oox° tn 7.0 3.2/7.5 4,6 4,6o Ttp Of, tn 4.0 2.4/5.1 3.9 4.3

' I o Yl,f, S 67 51/62 64,6 68• ' , _,,,,z_ 62 4o/_4 6_o 643
*Boost Pump/HathPump

NOTE: See page 3 of 3 for additional turbtne data
t

|i
: 108
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z i_i_ i o_,_z,_i. L_ _:i

pageBoelo
' • I

' ' i 5,0 TPAANDGGA,AHAL%I_ (COtlT,)
I1."

S.1 e.[ Conc_n_f,(coat:,)
I; ,

! : Ir .....
J PROPELLANTS LOX/C3HG LOX/CH4 LO)_/HH3

: " ' ' COMMENTS

i IW_4P$ _IN e_|N �MAINHAXN "L .. _1_ ...... SiP...............

_, e GasGenerator

_ e PCGG,psta 800 800 800 800

R_Ox, t .11_/_ tC 0.42 0,46 0.28 ' 0.268 For Ox TPA

#" ,_Gf ,lbl_Se 0.28 0.30 0.23 0.494 FOr fUel TPA

e MR 0.36 0.36 1.2 0.57

e Cp.STU/lbm. 0.64 0.64 0.78 , "o,Gg

e _4 °F 1.18 1.18 1.23 1.25e MW 20 20 13.5 16.6

e Tc,°R 2000 2000 2000 2000

J e Additional Oat

/: Pumps

e Oxtd Plow,GF_ 128.4 i28.41141_ 131 100

.] e Fuel Flow,GPI 84 '84/90 101 158

e Oxtd $peed,F_I 45,630 91470_t42,700 74,560 74,900
e Fuel Speed,FsM 90.800 14,420/67,000 87,250 80,000

I e Xmpeller Tt; Spd.e O_td_ft/s_ : 394 1041391 410 402
• Fuel,ftlSi : E49 121/529 G23 b67

T e Shaft POwer

. e Oxtd, HP 132 3.9 /14, 133 103
e Fuel, HP 93 1.8/100 112 202

t Turbtnee Blade Ttp $1d (u)

• Oxfd, ft/1 0c 1411 132/1400 1500 1500

T e Fuel. ft/_ ec 1576 15311499 1500 1500 '_
/ _, , Ratio ulspo_t-

Ing veloc'Ity _'
(u/v)
e Oxld 0,32 0.32 O,29 0.32

e Fuel: 0.36 O.34 0.29 O.32
,., ,,

[ "•Boost PumptMatnPump '.'/ "|

O0oO000-2-_-TSBo



I I:!_L

!
TABL._XVI(cQnt.) Page_ of !6 .......

II I =::: ........... : ; * ": =...... '

!
e.O P_RFQRHAN_[ANALY_S!__

6.1 , OHEConceptsPROPELLANTS LOX/C3H$ LOX/Cft4 LOX/f_l3

I J 6 i iPelf 100/6K SOO/lOk800/10K lO0/eK 800/10K[I00/ K 800/10K COI_IENT$

I ; lu_ _,ui_I '
i|

EngineFv, llSf 10,099 10,106 "- 10,084 6000 1(_,107

I I TCAFv, Ibf 10,000 10,000 10,000 6000 10,000e Eng|neMR 2.82 2.81 3.43 1,25 ,93

i e TCAMR 3.0 3,0 3.5 1.25 .94
Ji e Core MR 3.0 3.0 3.5 1.40 1,40 lax. ODKIsp HR _

I
o

e Ftlm Barrter _IR . i - 0.50 0,38 :_I i, e Tut`btne Ex. Fv, 99 106 84 - 107

e TCA_Tot, lbmllt 27.06 27.06 27.03 18,82 3!.08 "

!e TCA_/ox, lt_n/sec 20.30 20.30 21.03 10.46 15.06

e TCAgf, lib/see 6.76 6.76 I 6.00 8.36 16.02

i e gLut'b, Ibmlse¢ 0.70. 0.75 ! 0,51 - 0.76e _ Fuel Ftlm Cool 0 0 • i 0 11 :_3 ,,
(of fuel flow

T e Eh9_oxll_Q$_ 20.49 20.50 _ 21.31 1(1.46 15.34 !

e En9 i_f, 1bin/sac 7.27 7.31 6.23 8,36 16,50 ;+i

e En9 Isp, Sec 363.8 363.4 366.1 318.8 317.4

e TCAlsp, see° 369.5 369._ 369.9 318.8 321.7

e Core ISp COOK), 387.7 387.7 3R8.6 337.8 362.7 _
it

l , zsPt,,t`b.,,0 141.,141.8 1 4,3. 141. ',:_
D

,i

e Ae/At 240 240 236 44 224 ,'

e Dt, tn. 2.78 2.78 2.80 48 2.95
e De , tn 43 43 43 43 43 _
e _ Fuel etlm Coo! - - 4.9 17 ii_

le EngtneTOtal I 18.50 27.76 27.R1 .I. _7,_4 1_.8_ 31.84
: Flow Rate, lbm/sec "_

!; r

, _'_,

• ...
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- *For twoTPA°sd_ble these welghtL
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OF POOR QUALI'iY

I '!
i

I
• !

;

• ! 7,2 I¢_ Concopg_ "-

in
' " 1 ......

Ill

PROPELLANTS L LOX/C3H8 LOX/CH4 LOX/NH3i ; ..... r,i I II

:" 1 PC 160 260 150 250 t50 250 ¢OI_ENT$

e_r

a TCAteach)

. Valves Z.S 3.4 2.B 5,3 2.3 3.1
. Injector 5.3 4.2 5,3 4,2 5,3 4,2

i , ChamberlNexzli' 4.8 4.8 4.8 4.8 4,8 4,8
. Insulation + 9.4 g.4 g.4 9.4 9.4 9.4I

Htscelleneeus 22"_" 21.8 22.0 23,"7- 21,8 21,--5-
•. e Propellant Con-

I dtttOntng
•_. . Heat Exchange . 26.3/. 25.3/26,_ - 23.7/.(ox/fue_) , •

:. _ • P._LA(ox/fuel) . 5.5/- . 5,_14,5 . 5.7/-
" .. i_ e Controls & Instr _ 62,-----'8"- 29._

_'mmm

I _' ' Pressure Reg. 5.2/2,0 6.2/6,2 '---: " "I ' _ (ox/fuel) 6.212.0
I

• Accumulator 7.6/3.8 7,317.3 7,4t4.2Valves(ox/fu,1)
: _ . 'rpAG_Velvel T,8 I 7,6 ,

I . Prop.Cond6GA 3.3 10.9 ;Valves ; S,9

; . _a'tn Propettart 4.3/3.8 4,2/4,9 I
•:" _ Valves(ox/fuel ) t, 514,2

' I . Instr. 14.4 l 19,2 14.4
' . TPAController -. 36_0 36,0 36.0

| 8g.2 09.e 9_.3

_"_ ! : ' " '..... ' .... i llll ii i ii llll _' ',

|,
.:4

113 :.?
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i" I OF POOR rjU_LITY
i _ t

:; I TABLEXV_J==(_ont,,) P_9_14Qf 16
i'

!



._ , , - ,i, .*_ ....

" ° I

" _ _Lxvz '_,_" l_g, ) Pa(m16Qf I_
|

L_!""I
r)2 '

:" I_,{, 6,_) I_CgConcopts
.......

,_.,_""_-..._,;-.I 'ROP[I.I,ANI'S,I: _{IoI'OX/C:I"8 I!90' | IJoI'OX/C_4 ' 90 ' ' '{_oI'OX/N_i;t '90" ..... C(l'Ml_'lTfk . ..[ ,:
i_' _ I :ill ii i i IHLI iI i i I

')_ ' Ii i_:i 8. t_fT,r,.o. ...... s,.,. o,,.,o,:._,, TCAI s (approx,lg" .,
o ! 1_"1
!_,:' 25 Lbf l'hrulter ...... _anleat; exl_ttng :

_!'; i TCA',(approx, ,I H_a_ [xchangors 11" X 6"1

,i_"| (ox/_..l) "i I , Length,Ivl - 20 20/20 - 19

. Otame_.or_tn - 12 . 12/1T - 11

I GGA'_(ox/fuel) "_
!

: I , Length, tn - 11.0/- - 11.0/11. - 11.0/--

_ , I)ta_eter, tn. - 9,1/- - 5.I/4.3 5,4/. ,_

.i

'!

!,

/'

| ,,i,
i'

Ii'ii,|
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ORIGINJ:%IL,t.,.,,._-_;[Fj/
OF POORQUALITY

I
!

1

i 9,0 HEATEXCHA_ERANOGGAANALYSES
i ill * li,, --

]: PROPELLAN,, LOX./C3H8 LOX/CH, LOX/NH3 ',. .o .o .o .o ,,o .o
_q" -- i i | ,i i i

j Ox Fuel .

e_c, II_I'.,4 -- 21 21 6 "T" 15

,,,.,. eTcl, OR 162 162 200 162
310

_'' _TCo , *R J l 310 310 380 I
1

i" ,PC1psta 900 900 900 ', 900

ePc pst,t 800 800 800 800 Judgment
Oo

t_ eWH,ll_n/,,t,_ 3.4 2.9 1.6 i 2.7

eTHt °R 2.000 2,000 2,000 2,000 Fuel Rich GGA

800 Judqment
• _ eTH OR 800 800 800 : .

O, I

t.

ePH psia 300 3001 300 300 Judgmento.
e_%, Btu/,.,_, 2,184 2,184 1,200 1,560• i

" i : 80 Assumptton
• e_;_ L 80 80 80 i

e _H/;JC • 0.16 0.14 0.27 1 0.i8.

iW I J ii _T

!:
]:

i: 117
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TABLEXVll

PARAMETRICPOINTDESIGNDATADUMP .

I
l

II
II

;°,

II " i
,

i • I
!

m ! ,, ,

N 1 ,

lib _
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r._q'j;.._ 1

I ,I

• : OF pOORI i

:1:. : '

" |:
_ PRESSURESCHEDULE- OHE

1:
PROIZELLA,_TS LO2/C3H8 LO2/CH4 :02IN_

'.-: _ ................. " C_ENTSPelf I0016K 15015K 400110K 80016K I_I6K 400110K¢O01IOK" •
. ,, i llll! ,l , , I I"III | : i_

:i,, [ e PlenumPc, psta 100 150 400 BOO lr_o 400 400

__. e Face Pc, p$ta 103 15_ 412 824 15.1 412 412 Based.on AclAt

i'_" i _', lox/fuel) -3.3
; e ,_P'lnl, pst* 35111 50 9S 160 50134 95 93 BaSedon ¢huQ

_.: .... (ox/fuel) ¢r4terta

I I: e _'PTcv. p=, 5 5 20 20 5 20 20 Typtcal for extst.
enOtnes

_- e _Pltne$, pst - - 8 . 16 - 8 8 2S of Pc

i_i _ I re 32** 417"** 3S** 7"**
_ , . 6Pcj, pst 172 1?6 41 81

,, e _ P, p$t 40/S4 S$1221 123/S_ 1961372 S5/71 1231S681211202

'_';__. _ Interface or 143/157 209/381 535/g80 1020/ 209/231 ._35/98U 533/61i

I ]" pumpd_.scharge 1196
l)ressure (oxtfue i)

i! I '"

. • 4Pfn,J/Pc .351.17 0.33 !0.24 0.20 .33/.23 0.24 0.23

e 6Pcj/p c 0.32 1.15 .03 0.22 0.25 .03 0.20

_!_" ] ....
? NOTE: P_essure sch_u fo_ both OMEand RCEenqtnes a_4t the nomtna} ooeratt_g Pc & MR.' *Pump-fedmtn. _Plnl = 0.2 x Pc

' _ **Includes 15 pst for_P _cross heet/exch_nqer (nozzle)

_ I; **'SupercrlLical fuelcool,ng.acrossa tbrottl,ng valve. Actual APc.J. = I0- 13 ns,. Rema,nlnq_P 1s achieved

i Pressure-fed 0MEand RCEZ_Ptnl:

_: L,qu,d ,,.]ect,on:m,n. AP../'c_ 0.2Gas tn:lectton: mtn. _n.] r).15
APlnllPc

Note: mtn._P_nl/Pc, occurs at low PCand htqh RRcorner of onerattnq box.

[,
..... I'19

...... " .........'......... 00000002-TSC0



_! OF POORQUALITY

• TABLEXVI[ (co_t,.,.) Page2 of 16

.|

:!
i

_' I' PRESSURESCHEDULE- RCE

,] PROPELLANTS LO2/C3H8 LO2/CH4 ,............... :' COHMENTS
Pc/F 100/8_'1150/870 300/870 150/870 ' •

le PlenumPc, psta 100 150 300 150

, le Face Pc, psta 103.. 154 309 154 Basedon A¢IAt
(ox/fuel) - 3.3

e APInJ, psi * 54 28/82 163 30 Basedon chug
criteria

] e APTcv psi 20 20 20 20 Typical for exist
' engines ,

e _Pltnes, psi " - . 2_ Of Pc

e APcj *pst . .e _._ P, pst 74 481102 183 50

] . P_o,Zn'e'"ce°"'-h,r,.1,, 20212.4.2 204pressure (OX/fUel)

';: psta

e APtn_i/Pc .54 .19/.55 .54 .20

e 6Pcj/p c ,.

] '
't'

,:!
,#

_°

] "

120 "_'
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I
.l

TA_BLE.XV!I.(cont,). Page3 of 16

!
J CHAMBERTHERMALANALYSIS- OMECONCEPTSJ

,c, .........
T PROPELLANTS LOX/C3H8 L0 H8 I_0X/C3H8 L02_/C3HItLOX/CH4 LOX/CH4 LOX/NH;

• ,_ ' ".... C01_[NTS
Pc/F 100/6K 180/.61( 400/101 800/6K 160/61( 400/IOK 400/.10J -

i
,., .,

;" ]
e ThruSt, 1be 4500 4500 9000 5400 4500 9000 9000

• T e Pc, pste 75 112.5 360 720 112.5 360 360
J

e MRTcA 3.30 2.14 2.94 3.15 4.08 3.68 1.28

T S MeCora 3.30 3.30 2.94 3.15 4.08 13.60. 1.474
:. O _OX. 1b/See 10.23 6.94 19.00 10.95 10.47 i9.76 16.H

L-:"T e _f. lb/$e¢ 3.10 4.17 6.43 3.47 2.66 5.37 10,86

e No.of Regen Pas:es 1 1 1 1 1 1 1 '

T e APc.J., psi 5 75 11 132.8 15 8 63
J Pc.,l.-tn.psta 131 197 1200 1080 197 1200 530

e Pc.J.out. psie 125 12i 1189 947.2 182 1192 567T

J S Tc._.-tn.OF 90 -44 -40 -44 -160 -259 -28

e Tc.,l.-out, °F 379 28 112 202 641 42 12

" J," e ATc.,I.,°F 289 72 156 246 801 177 40

O Regenc 6.23 6.23 10.6a. 23,75 6.23 10.64 6,73 Radiation cooled
nozzle attachme_q(;

Ib/,,c- 1.46.... - 1.41
8ere taros

e _,Fuel Ftlm - 35 - - -
Coolant " 13.0

] •I Tffc.tn ' "F . 28 . " " - 126 i

e Twomax, *F 802 161 787 949 1000 782 747 "

i _ ii I l I I I I ,_k
' Note: All thermal anelyses were performed at, low Pc and htgh HRcorner of operott'n9 box. '

• ThtS 15 the most Severe operst,tng point. ..

l ,
121 .:._

L';

_:"--_.-_. ....... x_ ..... _ ......... --'-_ ........ "____._____i'_ ' _ _ ....... _ -'_:--'__t __'_ _-_..'L'c : _ -': ._.:. _.. . ": . _ ._ ....... ,. * ,. -- -
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I ORIGINALp_."."

• i OF POOROt_r,_,LfT',

" T.ABI._Y_!I:I_con_j.) Page4 of 16

'1
fl

:2 " i

!-_::!; I CHAM,BER,THERMALANALY.SIS.- OMECONCEpT.$.,.,(cont.)
'- ,, Lil I i l_I[

'" I!ROPELLANT$.. LOX/C3H8 LOX/C3H8 LOXIC3H8 LOX/C3X8LOX/CH4 LOX/CH4 LOX/NH3
• i rn i ii i i '

",',_ l P¢/E !_O/6K }50/6K 400/10K 800/6K lSO/6K 400/lOK 400/10K COHMEHT$.

,--,:_ e TwI max 800 144 744 780 995 739 160

",: .e h;, BTU/ln2-se¢ .00037 .00193 .00262 .00477 .O00ggS .00352 .00368 '

i_. ¢ hl_* OTU/tn c .00138 .05963 .0132 .0200 .00137 .0134 .0676

_i'; • ?r** "F 6346 1515 6240 6909 6346 5740 2233

_-_ II e Q/Au max,eNltn! 1.8i 2.64 13.61 23.8_., 4.$8 14.14 6.47SII¢ .
L.. e Q/A1 max,OTU/ln_ .40 1.41 6.37 11.97 1.03 5.70 6.35'

_: sec

." e Isec 185 110 584 554 526 1059 '463

_::"_ i e Vc max,ft/sec 155 51.8 47.2 105.9' 30U 39.8 111B_ . t Vc (Hath No)max .181 * .014 .058 .177 .025 - 0.3 max

_-:, e NoJof cll41r_el$*' 323 263 207 112 263 206 208

":/ I • 14t. Ch Oepth,tn .082 .030 .084 .030 .040 .Og9 .050 .030 tn.-_fn.

_i':I , Llmltlng T,I None }

_ilii_i: , C_,berh,,oCon,r,ct,o, ,.0 ,.0 3.3 3.3 ,.o 3.3 I ,.S:.... "'.'-.... ._
i I _ Fuel l_len. 40 100 100 iO0 40 100 109 ,,_2_ Cooltn_

! :*_-: ' * 0 max-flux, i'
; :_'-,,., **At •Stoat 1lind_tdth -..030" and channel w_dth • .0325"

, .,. I (
i,

122
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i: TABLE..XV!I(.,n.t_.) P-_eB of IB ..

!+:|

,2," + ]

,!

| ' ,

+" ,,,: 1oo ',so 3oo.+.."I ' 'comE,','+,.
+- ,_. , ,, . 150, , .....

b

I e 870 Lb ThruSter Chamber1.9. •
_:' e T_ust, lbS 620 S18 + S27 I $20 3.9"

, e Pc. psta 80 90 1BO I gO . "I * H_TCA 3.13 3.13 3.06 3.48.

i';, * _¢ore 3.8+_ 3.I_S 3.85 I 4.20 '

... , l_f, lb/sec .518 .404 .3gg

! e I_ff¢, 1b/see .096 .078 .082 I ._4 _=urated vapor
I_lectten.

I:::,:. + * '/, Fuelr'rlm., 1B,8 le.e 20.+ I 'I,.2 Sl en.tra"Inment .Coolant(of W) :• f PactOr ;.:

l L. e Taw..Max, 'F 2400 240?5 ', 2400 I 324.800. 24000FnWlximu,l

., e _;Fuel F11mCc_1.4.5 5.0

• Thrutt, lbs i I:oLo2/RP-1" tgnt

J ,h,ch has(lUCtf
i , Pc, psta ' :_11ng. CoreMR ?

• MRT_ 1$ 20:1 to reduc, , :' T_. Selected ov :

l I M'Rcore el, MR,s at mx ."
lip.

eil.. 1b/see .,, ,

, ,;:',+,,,0
I e Wffc. 1b/see .

e |Fuel Fttm ,.

i "+ Coolant '

• TawMax,oF, , ..,,

',;ti L

i | .
"i= ;!

.,_

.'.' 123 +
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I ORIGtlNF:_I+',';+,_°',_." ;3

n OF POOR QU/_,LITVp

II

: I TA_.LEXV!I (cont,). Page O of 16
+

-° |
TPA ANDGGAANALYSIS-- OHECONCEPTS(1 of' 3)

iii
+.

IB
' PROPELLANTS LO2/G3H8 LO2/CH.4 LO2/NH3

.......... , i COHMENTS

• n Pelf .... 400/10K 800/6K 400/10K 400/10K "
II ii i i i ii [i f i i ii i i i i iiii

:; I * ! _OX, ltlm/se; 20.9 12.1 ' 22_'0 . 18.9 .
e t_ ll_/se¢ 7.9 4.3 6.4 14+0 '. •

_ I e NPSPox?S]a 20.3 20.3 4i.3 34.3 'b 4

Ig
e NPSPf. ps_a 23.3 20.3 20.3 _0.3

I e PtOX, gSta 35.0 35..0 56.0 .. "'49.0e Ptf, pSie 35.0 35.0 35.0 35.0.

: I PDoxopsta 535 1020 535 533

I e Pof, psta 980 1196 980 614 +

e TSOX, el_ 162.7 ' 162.7 162.7 162.7 , ':

]i e Tsf * °R 416.2 416.2 217 432

e Spe¢. Spdox 2920 1740 4920 • 4360W

i I e Spe¢ SPdf 1315 1140 1130 3150

e Suct. Spe¢. 30K 30K 30K 3OK' +

I Spdox ;
m

O Suct;.Spe¢ 30K 23K 36K 36K '
Spdf •

1 "+ . ,o.o,' 1 1 ; 1 :i:
StageSox +.

I _o. of 1 1 1 t ::

Stagesf

: !

....... _- +--+ :+: _.: :::::::::::::::::::::::::::: ?;+.I;IX ; ;, 2 + ++:::++++ + +, 'i_225 ;.;12--- ;_-7-: _ i+-+1222 i:21:.:2 ........... :+2 _,
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OF POORQUAtlTY
/

• ,, , | I . I I i_ i i| i *+

( I ' _ROP_tLA,TS LO2/C_Ha ' LOz/C,t LOp/,H, COm(,T_i '8 ' Pc/F ' 400/10K 1_O0/6K 400/10K 400/10K . "

X'otf 1 .... . ....

. e Imp. Dr, tn 1.60 1.40 1.80 1.30 i
• i

e ._f, S 6g.6 66.6 69.0 69.0 "
I Turbtnel

i_-i .. e P|n, pstl 390 190 390 39.0

_;_ I . ,o.t, p,,l, 39 79 39 39 ,
III e Pr 10 10 10 10

* CGQ+'ll_lse 0.22 0.24. 0.15 0.14 for Ox TPA
. :)x,

e RGGf,' ll_mtse 0.26 0.19 0.23 0.24 _'++rFuel TPt,

I Ttn+ "R 2000 2000 2000 2000

++ I T°l_t'_°R(.,,r,_t) 1682/1603 1646/1628 1565/1679 1539/1515

I _T, _R 318/397 354/372 435/421 461/485

e Spec. Spdox 8 7.5 9.4 9.7

+i e Spe¢ Spdf 19 10. 17.0 13.3
II _ e No. of I I I I
| . StageSox

e No. of 1 1 1 1

. . Stagesf

e T|p Oox' tn 5.1 5.4 4.7 4.7

e T|p Op tri 4.1 3.9 3.9 4.4'

efl, f, S 69 66 62 68

++ 0 'It,,,, _ 55 .... ,62 64 64 i,

125 t
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it ORIGINItLP/_GF.I_1_

!'?" I OF POORQUAI.ITY

i! . TA, Exvxx P,o+ofI++'% ,, , ............

+ Il;

,it +

i++,r11
ti . I

'i+-,' TPAANDGGAANALYSIS- OHECONCEPTS(3 of 3)

I I IL _L_:" " + ._,,, lq ,, i i

if++: , --PROPELLANTS,, LOm/C3H8 LO2/CH4' LO2/NH3 " COmENT$

I P¢/F 400110K 800/6K 400/10K
4.00/10K

I + - + II I II I l i ,,l,ll 11|11 ++ ,+

; l' GaS Gonora4:or

I e Pc(;G psta 400 800 400, 400
0

i_+ II _f/eGOx ,lblll/s tC 0,22 0.24 0,15 ' 0.14mid

_J" q' _OGf'll_mt_;(: 0.26 0.19 0._3 0,_4 '

+* , ._ o._+ o.3_ 1._ .o.57
1P , cp,,tu/+m, o,e4 '

eF O.64 O.78, O.59

i,' e _l 1.18 1.18 1.23 1.25

I
e NM 20 20 13.5 18.6

I T¢,*R 2000 2000 2000
41 POOl)

_+ e Additional ClatL :_

pumps:

:_ J': e Oxld FIow,GP_ .132 70 138 106
e FUel Flow,OPl_ 134 53 109 165

e Oxtd SPeed,RPI 45,070 59,200 72,600 " 72_600e Fuel SpeedoRF! .84,500 87,250 87,250 77,500e [mpelle_ Tip tpa.
e. OxtlJ,ft/se¢ 2_11 377 317 304
e Fuel ,ft,/see 590 533 686 .' 440

I e Shaft Powere Oxtd,HP 64 76 71 54
I Fue1',HP 94 66 106 95.4

I • . Turbine:e Blade T!p Sp+t(u)
e Oxtd,ft/sec 1,000 1400 1500 1500
e Fuel _ftlsec 1,_00 1800 15o0 1500 "

I eRatto u/spouter I .',veloctt).(ut_) +i
e Oxtd O,23 O.32 O.29 O.32 ,
I FIJel _'" O.34 O.34 0.29 O.32 ' '

I •' . +;t ,

.............. I,, , W.... +_
• I I III III +____i I

I ,+

;+

I 'IL++
,,++
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I

PE:RFO_RHAHCEANALYSTS. OHECONCEPT,e,

PROPELLA_(T$ .L,O_/C_,H.a, LO2/CH4 Li i _: J i

' Pclr 100/6K li_O/6K 400/10K 80016K lSO/6K 400/10Ki4'00/10_ COR4EHTS.

) * J, _ i I i i • i 5k
I EflgtneFro lbf 6000 6000 10,9_, 6,061 6000 10,01_;_lO.OSt

t

] ,,, ,o. ,.o ,o.ooo ,o= ,o.=,o.o® ..
o TCA._HR. 2,76 1.?g 2.eo 3,00 3,40 3.$0 1.;_2

e Core_tR P...TS 2.76 S.80 3,00 3,40 3,S0 1.40 _x OOKIlp HR
el

o Ftlm Dart|or HR . . . " .

4 TurbtneEx. Fv, 15t'- - 60 61 . 62 48

e TCARTot.,1bin/so: 17,80 18.37 2_[..15 16.01 17.33 27.88 30.4t....

ie TCA_ox, lbm/sec 13.0S 11.79 20.24 12.01 13.39 21.68 16.71

e TCAgf, l_/sec 4.25 6.58 2.41 4.00 3,94 6.20 13.70

e gturh, lbm/se¢ . . .40 ,43 - ,38 .38

o Z Fuel Ftlm Cooi4_ 9 35 g 0 0 0 13(of fuel fl

,[ e Eng_toxlbm/sac 13,05 11.79 20.87 12.12 i3.39 31.89 16.89 i
e Engt_f, lb_/liec 4.75 6.58 7.76 4.32 3.94 6.37 13.94 ,,

[ , Engzs_.sec 337.03_.7 3,.7 3,.7 _4_.z 3s6.o3z_._I TCAlsp, sac' 337.0 3;_6.? 36fL2 324.7 346.2 368.? 328.6 _

e "CoreIsp (Obt,l._e¢360.71 371.6 304,,1 360.0 3?6.9

[ 6 ISPturb' sac - - 141.6 141.6 - 164.3 i41,g
' Ae/At, 46 67 11$ 404 69 115 1-11

[ : 0., 1_. 6,34 6,26 4,02 2,1¢ 5.12 4.00 4.14 'O_p'in 43 43 43 43 43 43 43
O 1_Full Film Coolan g 12.5 e 9 g 0 6,6 '

e Engine1'eta1Flo_ 17.80 18.37 28.63 15.44 17,33 20.26 30.2,9
gate. _ll_lllc / ............... 1 , " .._

],
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r Ii _ ' 0I_,_ _:- '

I

NEIGIIT IBM) - Of_ CONCEPTS
a_ . . ........ , ....

j PROPELL^rlT_ L09/C_1t_ t,Og/t;M4 ,LO#NH_' ........... ' (_OI4HENT$
Pelf lOO/6K 160t6K 400/10K 6OOISK 150/6K IO0tIOK40()110K "

i ii i

_ e ?CA (each)
XnJo¢tor 19,6 14,0 18,? 4,5 13,2 15,6 16.6

:. : Chamber ??,G 62,9 61;.3 36,6 58.2 I}7,4 47,9
, Nozzle 29,6 76,0 29.B 96,6 77.1 29,1 61,6 '

T _ , Cent.rols d���„18,3 19,3 19,_ 16,3 I9.3 19,3 IOoosnot tncludl
_],, Instr, ...... .. • ?CAvalv_

_ 196,0 163,3 170,0 145,1 186,8, 171,4 166,6

e ThruSt Structure 21,3 2i,3 AO.S 21,3 21.3' 30,6 30,6 Scaled from _q(Assy. 62,9
: 6|mbal System 62,9 24,4 62,9 62.9 ?4,4 74,4 Reeled from 6EPluralto(l*' 21.7 17,2 10,3 16,0 17.2 16.2 16,2

i" : TPAqoxlfuet)*,. . , - 1o,2/6,S11,e/s,6. ?,6/6,6_,6/8,9OOOll;Nmp(oxtf_ IV . .

: .A ,o_/fuo!, . . _.;/2.__.;t2.3. 2.;/2.6,-.4;,.4¢_trols i lnsb

I" . ?CAVolvo 21.0 _](_0 21.0 21,0 21,0 21,0 21,0
. Pneumatic Pec_ 7.6 ?.6 7.6 7.6 7.6 7.6
. Purge Velves
. _,str.* 2"_ 2"6 9"8 9"6 _:6 _:6 ;.6 ,or,_u4_od.

. . 66A VOlVOs* - - 7.6 ?,8 . ?,6 7.6

. TPAController* . - 22.8 22.6 . 22.6 ,22,8, Boost Pump* .......
" Ct,reutt Velw s

31.2 31.2 68.6 68.8 31.2 68.6 68.0

,Total, lbm 322,1 285,8 393.4 327.9 289.4 382.4 326.8

[
........... 9 , , i ............, *For t_o TPA*s double these weights

• *Plumbingweldhts ere for TCAonly. Theydo not tnclUdes Purge 1tees, 06A.14nlls_Or
tu_b4ne exnsustlduct 1tees, Thole wetghts for.pump-fed OH[ point dolt(Ins pre_itously

_, _ ,uppl,e, are, 2.6,, 2.0#. end 10.0, r, spectlve,,.

,' •

!
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W£]GHT(I_H) RC_CONCEPTS

PROPELLANTS LO21¢3H8, ... LO2tCH4 ,
CO_ENT_

P¢ 100 160 ZOO 160
I J I iiiii I]1 I I LII III

J e _..Q.1_£Thru._tof
:: • TCA(each}

, Velvol 2,6 3.4 2,6 ' 8,3
. Injector. 8.4 S.3 3.9 6.3
. Chamber/_tzle4.8 4,8 4.8 4.8
, Zniulet4on+ _ _ g,4HtsC.

I ;23.1 22.9 20.6 24.8 'Propellant Con, ....

e dtttontng I
• ,He_tE_chanj,_i 26.3/, !Z6.3tZ6.S

t Iox/fuel) I• .A(o,/fuel_ _p_ ;_
e Controli & Instr '

J_ . PressureReg. 6.2/2.0
6.216.2

(oxtfuel) ¢
. Accumulator 7.6t3.8 ! 7.3/7.3

Valves (extfue') I

J_ . TPAGGAValvei 1.8 i[ 1,6i;
, PrOp.tendGGA 3.3 _ ,10.g

ValVe| J I

J_ .HetnPrOpellan,, 4.3/3.8 4.2/4.9velves(ox/Nel) :
• |nstP.' i 1.4.4 19.2

_ , TPACentroliee __ _ 36,0 .,., 89.2 109.8

[

[
I
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o_,POORQUALITY

._r tABj:g_++xy+tt(cont..++), Pa_e13of 16

ENVELOP-E/SIZE- OHECONCEPTSram,

i'.
i i _l I ,

NtOPtLLANTS LOX/C3H8 • LO2tCH4 " °I •

..... • , COIe_4ENTS,

Pc 100 150', 300 1SO, I 'm I IS J_l II

:+, e ._S-lbf Thruster

." +, TCA(each) WB WB+0.5 W6 . Ws+l.O k_ is notatlon for
the basle 25-1bf

, tr.6.O lbm .. thruster wel_ht
' :_, whtch4$ S-10 ltJ

Devtat|onJ shownreflect valve
=" weight dlfferencemI

,,_,

i .
• Ii

k

['

: .,_;_
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I
i ORIGIt)JI_Lr,, ,., .:,OF POOR QUALm'P;

I

I ENVELOPE/SIZE- ONECONCEPTS
) ..... , • i , i

' PROPELLANTS LO2/C3Hs. . LO21CH4 NH4LOz/

I ' ..... COI,94ENTSPelf 100/6K 160/6K 400/10K 800/6K 1_0/6K 400/tOKi400/lOK "
i, i i i i I -

• I ,t

e TCA(each) ....... SameH. exist,
r . IngTCA(eoarOx

• Length, `in, 77" X 48") '

: 1 _ ' . Nozz:leD`ia,tr "=,_. e TPA(ox/fuet)

i • Length, `in, . - 6 6 - 6.. 6• O`iameter,̀ in. - . 8 8 - 8 8

e G6A(oxlfuel)

l . Length,'In. - -. 10 10 - 10 10

• O`iimeter, `in - - 4. 4 - 4 4

=; I I

!
I %

I
I

"i

I
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I T.A_I3L£_XVJ.I (cont.,) P.ge 15 of t6

!
_" 1 *

,E,N,VELOPE/S]ZE- RCECONC,EPTS,,1'

PROPELLANTS LOXIC3H LO2/CH4 " * '

, , ,,.... ,a ,,, . cOxX[_S. _ 'Pc loo 1so 300 1so
i_",, - "' " " ' ....

]i 870 Lbf Thruster .... Sam 4S existing,:; , . TCA's{approx. 19
1_11#'} ..,

.; lS Lbf Thruster - - "_ , * _u,e as exls¢lng

TCA*S(apl_rOx. li"
: Heat Exchanger's x 6"1

; (ex/fuel)

_I'_ "Length,,n
,_, . - 20 20

1t

i _ I)|ameter, tn - 12 - 12

;.. "I i BGA*s (ox/fuel)

;_ . Diameter, An. - 5.1/- - 5.1/4.3

.!

.i

: :)

I I ii i i

!-

i,

, j

I
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i , OF POORQUALITV

I TABLE-._/_I!_(_._._n.t..:.). Page16 of 16

' I HEATEXCHANGER-ANDGGAANALYSES

_r_ i 7 i i i i i i

,PROPELLANTS LOX/C3H8 LOX/CH4
' ........ COt_4[NT_

I PC 100 150 300 1SO '._
g ai i "

u I

OX I_EL

: r I .,c.ll_lsec J/ _-! . 21 6 .
oTct, °l 162 _ _0 '

I ITCo,
eR 310 310 380

ePct psta 900 900 ' 900t

I .pcps4a 800 800 800 Judgment
, 0o

1 I ...l_lsec 3.4 2.9 1.6
." l ' eTHt ' "l 2000 2000 2000 Fuet rtch GGA ;.:

eTHo,=R - 800 800 800 Jud91_nt

oPHt psta 600 600 600 .e *

ePH psta 300 300. _300 " :_
0o

: eAQe 8tu/se¢ 2,184 2,184 1_200 ;'• vt '' '!
6 /

l l 1 o, T_ 80 80 80 A$11t_Ptton " '
e _HI_c 0.16 0.14, 0.27 _'; "•,-,, ,,,-,, o ;¢

| '

-}

I
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